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RuBBER CHEMISTRY AND TECHNOLOGY is published quarterly under the super- 
vision of the Editor representing the Division of Rubber Chemistry of the Ameri- 
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FALL MEETING OF THE DIVISION OF RUBBER CHEMISTRY, 
DETROIT, MICHIGAN, SEPTEMBER 12-13, 1940 


The fall meeting of the Division of Rubber Chemistry was held in Detroit, 
September 12-13, during the one-hundredth meeting of the Americs1 Chemical 
Society. The technical sessions of the Division were held in the Commandery 
Asylum of the Masonic Temple, with an average attendance of four hundred 
and a peak attendance of about five hundred and fifty. 

The first day was devoted primarily to a “Symposium on Rubber, Synthetics 
and Plastics in the Automotive Industry as Viewed by the Engineer and the 
Chemist”, arranged by the Detroit Rubber Group, and comprising the follow- 
ing papers: 


1. The Use of Rubber in the Automotive Industry from the Viewpoint of the 
Automotive Engineer—C. Smart and G. W. Lampman. 

2. The Use of Rubber in the Automotive Industry from the Viewpoint of 
the Rubber Technologist —S. M. Cadwell. 

3. The Standardization and Coérdination of Automotive Rubber Parts Speci- 
fications —L. A. Danse. 

4. The Use of Synthetic Rubber in the Automotive Industry from the View- 
point of the Automotive Engineer—J. C. Zeder. 

5. The Use of Synthetic Rubber in the Automotive Industry from the View- 
point of the Rubber Technologist —J. N. Street. 

6. The Use of Plastics in the Automotive Industry —W. M. Phillips. 


Following the Symposium, Per K. Frolich of the Standard Oil Development 
Company of New Jersey presented a paper on a new synthetic rubber recently 
announced by his company. This paper, entitled “Butyl Rubber—A New Hydro- 
carbon Product”, by R. M. Thomas, I. E. Lightbown, W. J. Sparks, P. K. Frolich, 
and E. V. Murphree, had been presented before the general meeting of the 
Society, and was kindly repeated for the benefit of the Division of Rubber 
Chemistry. 
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The first day’s session closed with a report of the Crude: Rubber Committee, 
presented by G. A. Sackett, Chairman. 
At the two sessions held on September 13, the following papers were presented: 


1. A Study of the Nitroparaffins and Their Derivatives as Heat Sensitizers for 
Compounded Rubber Latices—Arthur William Campbell. 

2. Creaming of Rubber Latex.—E. A. Hauser and B. Dewey, Jr. 

3.. Theoretical Stress-Strain and Compression Curves for Rubberlike Ma- 
terials—Eugene Guth and H. M. James. 

4. The Crystallization of Vulcanized Rubber—Norman Bekkedahl 
Lawrence A. Wood. 

5. Transparency. of Rubber Compounds Containing Magnesium Carbon- 
ate. II—W. F. Bixby and H. I. Cramer. . 

6. The Effect of Various Sulfur-Accelerator Ratios in Vulcanized Rubber as 
Shown by a Series of Laboratory Tests.—F. 8S. Conover. 

7. Pliolite-Rubber Mixtures—Herman R. Thies. 

8. Vistanex Polybutene—Rubber Blends.—S. Longman. 

9. Effect of Sulfur and Carbon Black Contents on Physical Properties of 
Perbunan Compounds.—C. A. Klebsattel. 

10. Determination of Free Carbon in Rubber. 
Roberts, Jr. 

11. Test Formulas for Reclaimed Rubber——Henry F. Palmer and Robert H. 
Crossley. 

12. An Immersion Test for Rubber Compounds.—B. 8. Garvey, Jr. 

13. Effect of Petroleum Products on Neoprene Vulcanizates——Donald F. 
Fraser. 


14. A Torsional Hysteresis Test for Rubber—M. Mooney and R. H. Gerke. 


and 


The Cresol Method. —J. B. 


Six hundred and twenty-five members and guests attended the Divisional 
banquet held Thursday evening in the ballroom of the Book-Cadillac Hotel. 


M. A. Clark of the United States Rubber Company was toastmaster. During 
the dinner an excellent program of music and- acrobatic acts was provided. The 
main speaker of the evening was W. J. Cameron of the Ford Motor Company. 

The Division is indebted to the following companies for their generous contri- 
butions which made the entertainment possible. 


ApvaNnce Sotvents & CHeEmicaL Co. 
AMERICAN CYANAMID & CHEMICAL Co. 
AMERICAN Zinc Sages Co. 

Anaconna Zinc Oxipp Dept. 
BALDWIN Rusper Co. 

Bryney & SMitH 

Tue Carter Bet Mrs. Co. 

CrenTRAL Rusper Corp. 

Tue CotumsiA CHEMICAL Corp. 
CoNTINENTAL CARBON ; 

E. I. pu Pont pe Nemours & Co. 
FiintTKorse Corp. - 

GENERAL ATLAS "CARBON Co. 

Tue GeneraL Tire & Russer Co. 
Tue C. P. Hatt Co. 

Herron & MpByer 

J. M. Huser, Inc. 

INDUSTRIAL RusBer Co. 

INTERNATIONAL SMELTING & REFINING 


0. 
F. F. Mpysrs’& Co. 
Mipwest Russer ReciarmMine Co. 


Minnesota Minine & Merc. Co. 

Monsanto CHEMICAL Co. 

Moors & MuNGER 

H. Mueu.tstein & Co. 

Naugatuck CuHemicaL Division or U.S 
Rusper Co. 

New Jersey Zinc Sass Co. 

Prquanoc Russer Co. 

Tue PHILADELPHIA RusseR Works 

A. Scoutman, INc. 

Stamrorp Rusper Suppeiy Co. 

Tue Stanparp CHEMICAL Co. 

Sr. JosepH Leap Co. 

Tue TuHr1oKkor Corp. 

TiraNIuM Pigment Corp. 

Unirep Carson Co. 

U. 8. Ruspper Recitammine Co. 

R. T. VANpERBILT Co. 

C. K. WituiaMs & Co. 

WISHNICK-T umpPEER, INc. 

Tue Xyios Rupser Co. 





The business meeting was held at the close of the last session. It was an- 
nounced that the Goodyear Lecture Committee had received several nominations 
for the Goodyear Lecture for 1941, but that the Committee would not complete 
its deliberations until after the deadline for receiving nominations for 1941, 
viz., November 15, 1940. 

W. F. Busse submitted the written report of H. L. Trumbull, Chairman of the 
Nomenclature Committee. It was decided to publish the report in the next 
issue of RupBerR CHEMISTRY AND TECHNOLOGY. 

C. R. Haynes, Chairman of the Membership Committee, reported a steady 
increase in membership to the point where the total number of members 
and associate members of the Division has passed the seven hundred point. 

The Secretary, as Chairman of the Papers Committee, reported that a new 
set of rules governing the submission, approval and publication of papers pre- 
sented before the Division had been approved by the Executive Committee at 
its meeting the previous day. The report of the Committee was accepted, and 
the new rules as approved by the Executive Committee were adopted. (These 
new papers rules appear elsewhere in this issue.) 

The Chairman reviewed in detail the revision of the By-Laws of the Division 
relating to elections, as recommended y a committee headed by W. F. Busse and 
approved by the Executive Committee. This report was accepted and the revised 
By-Laws therein recommended were adopted. The revisions are as follows: 


Section 6 is cancelled and replaced by the following: 


Exections. All elections shall be by secret ballot. 

The Nominating Committee shall submit a report at the Spring Meeting, follow- 
ing which report the Chairman shall invite nominations from the floor. 

A printed ballot, carrying the names of the nominees arranged in alphabetical 
order, for each office shall be mailed to each Member by the Secretary, at least thirty 
days before the Annual Meeting. The ballots shall be opened and counted at the 
time of the Annual Meeting of the Society by a Tellers Committee appointed by the 
Chairman. 

The Chairman shall not be eligible for reélection for the ensuing year. Three of the 
five Directors shall be elected by The Division for a term of one year, starting at 
the close of the Annual Meeting at which the election is held. The outgoing Chair- 
man and the nominee for Vice-Chairman receiving next to the largest number 
of votes for that office shall be directors for the ensuing year. No Director shall 
be eligible for re-election as a Director for the ensuing year.’ Each Member shall 
vote for not more than three (3) nominees for Director. The three nominees for 
Director receiving the largest number of votes shall be declared elected. In the event 
of an indecisive vote because of a tie, those nominees receiving the same number of 
votes shall be voted on by the Members present at the Annual Meeting until the 
tie is removed. In the event that there is no Annual Meeting, the tie shall be re- 
moved by the vote of the outgoing Executive Committee. Officers shall take office 
at the close of the Meeting at which they are elected, and shall serve for one year, 
or until their successors are elected. 


Section 9, Mrerina, second paragraph, is changed to read: 


Fifty (50) Members shall constitute a quorum for any Business Meeting of The 
Division. "4 


Section 10, Apporntep Commirtess, (A) Nominating Committee, is changed 
to read: 


A Nominating Committee of five (5) Members shall be appointed not later than 
March 1 of each year. This Committee shall select at least one (1) nominee for each 
office to be voted on at the Annual Meeting and at least two (2) nominees for Vice- 
Chairman. 
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The report of the Nominating Committee was submitted by L. B. Sebrell, 
Chairman. As a result of the ballot then taken the following officers were 
elected for 1940-41: 

Chairman 
LE Se J. N. Street. 
Secretary H. I. Cramer. 
Treasurer C. W. Christensen. 
Sergeant-at-Arms . P. Hall. 
Directors 

Walter Juve. 

O. M. Hayden. 

Bruce R. Silver. 

F. 8. Malm. 

R. H. Gerke, Chairman of the Planning Committee, reported that this com- 
mittee was considering a number of possibie symposia to be held at the coming 
meeting in St. Louis. He urged all members to submit to this committee for 
consideration their suggestions for subjects suitable for symposia. 

It was duly voted that the Secretary be instructed to transmit to the officers 
of the Detroit Rubber Group the following resolution: 


Be It Resolved, That the Secretary convey to the officers and members of the 
Detroit Rubber Group the appreciation of the Division of Rubber Chemistry of the 
excellent work of the Group in arranging the special “Symposium on Rubber, Syn- 
thetics and Plastics in the Automotive Industry,” and in handling all local arrange- 
ments for the meeting and the banquet, all of which contributed to the outstanding 
success of this meeting. 


Secretary’s Report: 


Total Membership to date, August 31, 1940 
Members paid for 1940 
Associate Members paid for 1940 
New Members and Associate Members from March 31, 1940 to August 31, 
1940 (included in above figure) 
Regular Members 
Associate Members 
Subscriptions to Rubber Chemistry and Technology 
Honorary Members and Exchanges 


H. I. Cramer, Secretary. 


NEW PAPERS RULES 


ADOPTED BY THE EXECUTIVE COMMITTEE OF THE DIVISION OF RUBBER 
CHEMISTRY AT DETROIT, SEPTEMBER 13, 1940 


I. Susmission. Each author intending to present a paper before the Division 
of Rubber Chemistry shall submit to the Secretary, by the usual deadline set 
by the Society (approximately 8 weeks before the beginning of each semi- 
annual convention), the title of his paper, three copies of an abstract of 200 to 
250 words, an estimate of the time which will be needed for presentation, and 
the name of the laboratory in which the work was done. 


II. ApprovaL. Each paper shall be approved by a Papers Committee, con- 
sisting of the Editor of Rusper CHEMISTRY AND TECHNOLOGY, the Secretary, 
and a Member of the Division appointed by the Chairman, before it is placed 


on the final program. 


III. Pusicarion. 

1. Three copies of the complete manuscripts of all papers accepted for 
presentation before the Division shall be submitted to the Secretary on, or prior 
to, the date of presentation. 
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2. The author of the paper shall designate the journal to which the manu- 
script shall be submitted. Publication of the paper shall follow one of four 
procedures: 


a. Original publication, when the paper is of interest and value to non- 
rubber chemists, in one of three Society journals: Jndustrial and Engineering 
Chemistry, Journal of the American Chemical Society or Journal of Physical 
Chemistry, depending on the purport and contents of the paper. 

b. Original publication as in case (a), with subsequent -publication, by 
release of copyright, in Ruspper CHEMISTRY AND TECHNOLOGY. 

ce. Original publication in Ruspper CHEMISTRY AND TECHNOLOGY when 
the paper is of interest and value chiefly to rubber chemists, and this is 
agreed to by the editor of the Society journal in which the paper might other- 
wise be published. 

d. Direct release, subject to rules of the American Chemical Society, to an 
independent publication not under the editorial supervision of the Society. 


3. The Secretary of the Division shall furnish the editor of the journal 
which has been chosen for publication with two copies of all manuscripts sub- 
mitted. At the same time he shall transmit to the editor the names of two 
men, selected by the Papers Committee, to whom each manuscript may be 
sent for review prior to publication. 


REPORT OF THE COMMITTEE ON NOMENCLATURE 


DIVISION OF RUBBER CHEMISTRY, AMERICAN CHEMICAL SOCIETY 


Progress in both the science and technology of elastic materials has been so 
rapid that our knowledge of them has outstripped efforts to provide an adequate 
vocabulary. Many will agree to the need for a revision and extension of the 
nomenclature. Fewer may agree to the exact nature of proposed changes. There 
is a need for more precise definitions of terms, as well as the invention of new 
terms. The Committee seeks the codperation of those who are interested, and 
to this end offers a number of suggestions, and makes certain proposals. 

The needs with respect to words have been well reviewed by Dawson! in a 
paper “On Rubber Terminology”. This paper indicates by numerous examples 
the types of confusion that exist. It does not, however, make specific recom- 
mendations for means of clarification. 

An important section of the work on terminology is that which relates to 
synthetic materials which are rubberlike in character. Fisher? has made a 
valuable contribution with respect to the terminology of these materials in a 
paper on the “Nomenclature of Synthetic Rubbers’. Since his paper is a rational 
attempt to accept, invent, and define terms it may serve as a guide for the 
present, even though there may be reasonable disagreement with some of the 
selections made, and amendments will be necessary from time to time. 

The term rubber itself has been used to designate so many things as to make 
it entirely lacking in specificity. The varied meanings associated with the word 
rubber have become so well established that it would probably be fruitless, if 
not needless, to attempt a reduction in their number. 

In the case of the term, synthetic rubber, it would be well to avoid such a 
multiplicity of meanings. No good purpose would be served, however, by trying 
to limit its use to designate a synthetic material identical with natural rubber, 
since the latter is such a variable substance. Because the chemistry of these 
polymeric substances is somewhat obscure, and the only chemical property 
common to all of them is that of high molecular weight, a definition of synthetic 
rubber can best be made to depend on the physical properties of the product. 
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Of a number of attempts to define this term, perhaps the best is that of 
Midgley*. He says: “synthetic rubbers are those organic substances which 
possess the property of forcibly retracting to approximately their original size and 
shape after being greatly distorted, i.e., such as being stretched x per cent of their 
original lengths. Here z is some arbitrary value. It should be over 100, probably 
400, possibly 600, but certainly not higher”. It may be suggested, however, 
that the term, “synthetic rubber”, should be restricted to the polymers obtained 
from monomeric organic substances containing conjugated double or triple bonds, 
or co-polymers involving these materials. 

In the search for names for the ever-increasing list of polymeric substances, 
it is well to attempt their classification, and this can satisfactorily be based 
on their chemical composition. The following classification is offered by way of 
example: 

SyntuHetic PoLyMeERic SUBSTANCES 
I. Inorganic. 
II. Organic. 
A. Saturated polymers with only carbon atoms in the chain. 
a. Hydrocarbons. 
b. Substituted hydrocarbons. 
1. Containing halogen (made from vinyl] halide). 
2. Containing acid, ester, or nitrile groups. 
3. Co-polymers of (1) and (2). 
. Unsaturated polymers with only carbon atoms in the chain. 
a. Hydrocarbons (polymers of butadiene and its homologs, and of monomers 
containing more than one point of unsaturation). 
b. Co-polymers involving butadiene and its homologs. 
c. Halogen-containing polymers of butadiene and homologs. 
d. Alkoxy or aryloxy containing polymers of butadiene and its homologs. 
e. Acid, ester, or nitrile derivatives of butadiene and its homologs. 


2 Thioplastics. 
. Polymers in which oxygen, nitrogen, and perhaps sulfur, as well as carbon, 
enter into the formation of ‘the chain. 
a. Polymeric amides. 
b. Polymeric esters. 
1. Aliphatic acid esters. 
2. Alkyd resins. 
. Derivatives of cellulose. 
. Derivatives of urea. 
. Reaction products of phenolic substances with aldehydes. 
. Derivatives of natural rubber. 
a. Thermoprenes. 
b. Reaction products obtained by the action of stannic chloride, aluminum 
chloride, etc. 
c. Reaction products with halogen acids. 
d. Reaction products with halogens. 


Of course not all these materials are rubberlike, and many are ‘not of direct 
concern to the rubber technologist. Nevertheless, it is well to recognize their 
existence to avoid including inappropriate examples in the definitions of terms. 

In some cases the rubberlike properties of elasticity and plasticity are en- 
gendered in the materials; in other cases they are merely enhanced by the 
incorporation of high boiling liquids called “plasticizers”. These have also been 
referred to as “elasticizers”, “elasticators”, or even “softeners”. 

Natural rubber has two outstanding characteristics, unusual elasticity and 
vulcanizability. Synthetic rubberlike polymers possess these characteristics in 
varying degrees, and the former characteristic has been made a part of the 
definition of synthetic rubber. The latter should be used as a basis for classifica- 
tion or differentiation. 

Thus arises the necessity of defining vulcanization. Thus far in the literature 
vulcanization has been defined with reference to natural rubber, although it is 


viii 





now used in connection with synthetic rubber. It has been used to identify the 
process of forming both soft rubber vulcanizates and ebonite. This is unfortunate, 
and while usage sanctions this multiple service of the term with respect to natural 
rubber, it would be well to confine the term vulcanization, with respect to 
synthetic polymers, to the process which forms products with an elasticity akin 
to that of soft rubber vulcanizates, and to select a new term to refer to the 
formation of hard polymers resembling ebonite. Such a word might be 
ebonation (verb: ebonize; noun: ebonizate or ebonate). 

Definitions of vulcanization have formerly emphasized the chemical process 
involved, e.g., Babcockt says: “Vulcanization as ordinarily conceived can be 
defined as the process of combining sulfur with rubber under the influence of 
heat.” He notes, however, that the recent definitions stress not the chemistry 
involved, but the physical changes which take place. Kindscher® says: “The 
process of vulcanization then transforms the rubber from the plastic into the 
elastic condition so essential for practical use.” 

Dawson and Porritt® say: “Vulcanization is any process which converts raw 
rubber into a product insoluble in most solvents, less sensitive to temperature 
changes, and of increased elastic and less plastic properties.” 

Williams’ says: “Vulcanization is essentially a process which reduces the 
plastic properties of the rubber, and is accompanied by an increased resistance 
to solvents and an increased resistance to hardening at low temperatures.” In 
another place® he says: “In the broadest sense vulcanization to produce soft 
vulcanized rubber is any treatment which maintains the elasticity of the rubber 
while its plasticity is decreased.” 

What then is to be the definition of vulcanization as it refers to synthetic 
materials? On questioning a number of specialists in the field of synthetic 
polymers, there was found to be a unanimity of opinion that plasticized polyvinyl 
chloride, Thiokol, and polyisobutylene are not vulcanizable, although at least 
the first two can be made to undergo some partial decrease in thermoplasticity 
by a heat treatment in the presence of proper catalysts. If the definition of 
vulcanization excludes these changes or, worse, does not make any disposition 
of them, then an author will resort to the very unfortunate expression “socalled 
vulcanization”. It will probably be necessary, therefore, to have a word or words 
to represent more accurately this apologetic expression. 

It would be helpful to an understanding of the literature if every author care- 
fully indicated whether he was referring to the unvulcanized or the vulcanized 
forms of polymers under consideration. This could be done very simply by 
using the accepted name of the polymer for the unvulcanized form, and prefacing 
the name with v. for the vulcanized form. 

It should be emphasized that all monomers should have different names from 
their corresponding polymers. This is in general the case, for, where only one 
monomer is involved in the polymerization, the polymer has the same name 
prefaced by poly, e.g., isoprene, chloroprene, bromoprene, phenoprene, alkoxy- 
prene. The polymer may also be given a distinctive trade name, e.g., Neoprene. 
Those polymers above, having the prene ending, are included in the generic 
term polyprenes. The prene ending has been used to designate the analogs of 
isoprene, and the materials indicated are monomers unless the word is prefaced 
by poly, except for the term thermoprenes. The latter refers to a quite differ- 
ent variety of materials, presumably cyclicized derivatives of natural rubber, 
and is so well established through long usage that it must be accepted. 

With respect to other generic terms, there is no need for the multiplicity of 
words, such as thioplastics, thioplasts, and thiomers. The first one should be 
sufficient, and sufficiently characteristic, unless one should prefer to emphasize 
the most outstanding characteristic of these materials and call them thiodors. 
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Just as the adjective, synthetic, has now become also a noun, so has the 
adjective, elastic, become a noun, and we have a generic class called elastics. 
So have we also a class of plastics. There seems no need, however, for the elided 
word lastics, or the extended word elastoplasts. 

We have had for some time the words monomer and polymer. Now we have 
the words co-monomer and co-polymer. The meaning of the latter is easily 
evident, but one may wish to kngw what meaning can be ascribed to the formher. 
The two words do not have parallel meanings, co-monomer referring to that unit 
entering into the formation of the co-polymer which is added to vary the 
properties of the polymer obtained in its absence; acrylic nitrile, for example, 
is the co-monomer when added to butadiene. 

Although many hyphenated words lose their hyphens in the course of time, 
it would be well to retain the hyphens in co-monomer and co-polymer until the 
words have become more familiar through longer use. The hyphen certainly aids 
laymen to correct pronunciation. 

We have the words plasticize, plasticizer, and plasticization. Why not also 
plasticate, plasticator, and plastication? One hears these latter terms, e., 
“Gordon plasticator”, but looks for them in vain in dictionaries and in glossaries 
of technical terms. They perhaps are an unnecessary duplication, except that 
plastication is easier to say than plasticization. What then of plastify, rhyming 
with mystify, and plastifier, and plastification? 

How does plasticization differ in meaning from mastication? It would perhaps 
be well to limit the term mastication to the process of working rubber or 
synthetic rubbers on open mills or calenders, and plasticization to the process 
involving essentially heat (with or without mixing) or a combination of heat and 
a chemical activator for the softening process. A plasticator, as mentioned 
above, can be the name of a machine for plasticizing rubber, but it would be 
confusing to name the chemical aid to plasticization a plasticizing agent, for 
the latter expression has been used to represent softeners added to rubber or 
synthetic rubber to increase the plasticity or vinyl compounds to change horny 
modifications, by a swelling action, into gels that are more or less rubberlike. 
The chemical aids to plasticization have been called “mastication accelerators”. 

There are other problems of nomenclature which need clarification, and these 
should be considered by the Committee at a later time. The present report 
summarizes the more pressing problems, suggests some remedies to avoid con- 
fusion, and indicates the need for both elaboration and simplification of 
terminology which, it is hoped, may encourage others to express themselves in 
ways that will be philologically useful. 
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AMERICAN SOCIETY OF MECHANICAL ENGINEERS 
SUBDIVISION ON RUBBER AND PLASTICS 


A series of meetings will be sponsored by the Subdivision on Rubber and 
_ Plastics at the annual meeting of the A.S.M.E. to be held at the Hotel Astor, 
during the week of December 2. 
The papers to be presented at the Rubber and Plastics meetings, as well as 
the dates and times, are: 
Session 1 
December 5—9: 30 a. m. 
1. Design and Application of Phenolic Resin Asbestos Compositions in Cor- 
rosion Resistant Equipment, W. H. Adams, Haveg Corp., Newark, Del. 


2. Rubber Springs—Compression Loading, J. F. Downie mith, Research 
Division, United Shoe Machinery Corp., Beverly, Mass. 


Session 2 
December 5—2: 00 p 
1. The Creep of ade and Synthetic Rubber Compounds in Shear, Ivan 
Gazdik and S. H. Hahn, B. F. Goodrich Co., Akron, O. 
2. Notes on the Creep of Neoprene in Shear, F. Z. Yerzley, Rubber Chemicals 
Division, E. I. du Pont de Nemours & Co:, Wilmington, Del. 
Technical representatives of companies engaged in either the production or 
use of rubber and plastics are invited to attend these meetings. 


NEW BOOKS AND OTHER PUBLICATIONS 


Russer: History, Propuction AnD Manuracture. P. W. Barker. Published 
by Bureau of Foreign & Domestic Commerce. 6x9 in. 48 pp. Available from 
Superintendent of Documents, Washington, D. C., at 10¢ a copy. 


Each year the Leather & Rubber Division of the Bureau of Foreign & Domestic 
Commerce receives hundreds of requests for information of a general character 
pertaining to rubber. These inquiries are received from rubber manufacturers, 
importers and dealers, from brokerage and investment houses, from college and 
graduate students, and from the general public. It is with these inquiries in mind 
that the current booklet was prepared. Two earlier editions of a general circular 
on rubber have been completely exhausted. The new booklet is devoted largely 
to the subject of the production of rubber rather than to manufacture of rubber 
products. After a brief history of the industry is given, various plantation meth- 
ods are discussed. Some space is also devoted to a discussion of restriction. 
Several statistical tables are included. [From The Rubber Age of New York.] 


ANNUAL REPORT ON THE PROGRESS OF RuBBER TECHNOLOGY—1939. (Vol. 3). 
Edited by T. J. Drakeley. Published by the Institution of the Rubber Industry, 
12, Whitehall, London, 8.W.1, England. 74x94 in. 164 pp. Price to members: 
2/6 (approximately 60c); to nonmembers: 10/6 (approximately $2.60). 


Third in the annual reports issued by the I.R.I. to keep its members and the 
industry in general abreast of latest developments in all branches of the industry, 
from cultivation through to manufacture of finished products, this edition covers 
the year 1939. As in the previous issues, coverage of each group of developments 
is entrusted to an outstanding authority. Complete bibliographical references 
permit the reader to secure further data on any particular subject, while subject 
and author indexes make his task still easier. The various chapters and their 
authors follow: 

Historical and Statistical Review, C. J. Redfern and W. F. V. Cox; Planting 
and Production of Raw Rubber, Latex, Gutta-Percha, Balata, Chicle and Jelu- 
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tong, J. Grantham; Properties, Applications and Utilization of Latex, Including 
Treatment of Fabric with Latex, C. F. Flint; Chemistry and Physics of Raw 
Rubber and Rubber Derivatives, Gutta-Percha, Chicle, Balata and Jelutong, 
W. J. S. Naunton; Synthetic Rubber, Maldwyn Jones; Testing Equipment and 
Specifications Other Than for Latex, W. J.S. Naunton; Compounding Ingredients, 
Accelerators, Antioxidants and Softeners, F. H. Cotton; Fibres and Textiles, 
F. Chadwick; Chemical and Physical Properties of Vulcanized Rubber, A. E. T. 
Neale; Tires, J. G. MacKay; Belting, G. F. Payne; Hose and Tubing, J. Kirk- 
wood; Cables and Electrical Insulation, H. A. Daynes; Footwear, R. C. Davies; 
Games, Sport Accessories and Toys, J. P. Griffiths; Mechanical Rubber Goods, 
Herbert Rogers; Roads, G. E. Coombs; Flooring, J. Kirkwood; Surgical Goods, 
C. R. Pinnell; Teztile-Rubber Composites, Solvents and Cements, W. N. Lister; 
Sponge Rubber, J. D. Campbell; Hard Rubber, B. L. Davies; Works Processes 
and Materials, B. L. Davies; and Machinery and Appliances, E. Morris. [From 
The Rubber Age of New York.] 


DEFENSE OF THE UNITED STATES AND OTHER NATIONS IN THE WESTERN 
HEMISPHERE: Rusper. 6x9 in. 32 pp. Available from Superintendent of 
Documents, Washington, D. C., for 10c a copy. 


This is a printed record of the testimony given by John L. Collyer, President, 
B. F. Goodrich Co.; W. 8. Farrish and Frank A. Howard, representing the 
Standard Oil Co. of New Jersey, and E. R. Bridgwater, Manager, Rubber 
Chemicals Department, E. I. du Pont de Nemours & Co., Inc., presented to the 
Committee on Military Affairs of the U.S. Senate on June 14, 1940, on S. 4082, a 
bill to provide for the defense of the people of the United States and other 
nations in the Western Hemisphere as may desire the codperation and assistance 
of this country. The testimony given comprises an interesting report on the 
current status of synthetic rubber manufacture in the United States, as well as 
its possibilities in the event of any emergencies. Like all records of hearings, 
it is printed in question-and-answer form. [From The Rubber Age of New York.] 


WHERE TO Finp THE NEw TrapdeE Names. Compiled and published by Alice 
M. Amoss, Librarian, Technical Library, Edgewood Arsenal, Maryland. 6x9 in. 
32 pp. 75c. 

This is a bibliography giving sources of reference books, directories, journals, 
etc., containing brand and trade names of products and materials of all descrip- 
tions. It is intended for use by research technologists and purchasing agents 
who may be interested in locating the source of supply of some particular branded 
product, its properties or its uses. The various directories are listed under 
miscellaneous classifications, ranging from abrasives to wire. Rubber and Rubber 
Chemicals and Rubberized Coatings are two of the many classifications. [From 
The Rubber Age of New York.] 


RUBBER AS AN ENGINEERING MateriAu. Published by the B. F. Goodrich Co., 
Akron, Ohio. 84x11 in. 25 pp. 50c per copy. 


Data on rubber as a material—its various forms, properties and limitations— 
are presented in concise fashion in this handbook. The material was prepared for 
use by the practical worker, with formulas, tables and graphs carefully avoided. 
Ten chapters in all are included, these being: Forms of Manufactured Rubber; 
Properties; Resistance to Corrosion; Resistance to Abrasion, Cutting, Tearing 
and Impact; Elasticity; Vibration, Shock and Noise Isolation; Heat Resistance 
and Insulation; Resistance to Oils and Solvents; Properties of Elastic Syn- 
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thetics; and Testing of Rubber Products. Profusely illustrated, this handbook 
should prove of special value to mechanical and other engineers. [From The 
Rubber Age of New York.] 


RusBBER Propucinc Companires—1940. Compiled by the Mincing Lane Tea & 
Rubber Share Brokers’ Association, Ltd. Published by The Financial Times, Ltd., 
72 Coleman St., London, E. C. 2, England. 54x8 in. 614 pp. 8s/l4d (ap- 
proximately $2.00). 


The latest revised edition of this “Official Guide for Investors in Rubber 
Shares”, contains details on approximately 550 separate undertakings. Data given 
include forward sales, capitalization per planted acre, investments and reserves. 
A valuable feature is the analysis of results of each estate for the past few years, 
many of them extending to the end of 1939. These analyses show estate areas, 
standard outputs, annual production, gross price, “all-in” cost, net profit, 
dividends, and carry-forwards. Directors, officers and secretaries of each planta- 
tion operator are given wherever possible. Although primarily devoted to com- 
panies engaged in rubber cultivation, concerns with interests in tea, coffee, coco- 
nuts and palm oil, supplementary to their interest in rubber, are also listed. 
[From The Rubber Age of New York.] 


RussBer Latex CompounpinG. (Report No. 40-1). Benton Dales and William 
H. Ayscue. Rubber Chemicals Division, E. I. du Pont de Nemours & Co., Inc., 
Wilmington, Delaware. 64x94 in. 56 pp. 


Through the brief discussion of the history and general properties of latex, 
effects of compounding ingredients, and outstanding latex applications, this lab- 


oratory report provides an excellent working background of pertinent informa- 
tion for the user or prospective user of latex. The sources, composition, prepara- 
tion and general compounding of latex are dealt with, as are the preparation of 
compounding ingredients, latex compositions and test films. One section is devoted 
to accelerators, protective chemicals, stabilizers, thickeners and other compound- 
ing ingredients. Another section, one of the most complete in the report, deals 
with the various processes used in the manufacture of latex products, including 
dipping, molding, electrodeposition and impregnating and coating. Formulas 
for the production of toy balloons, gloves, thread, adhesives, and other articles 
are given. A complete subject index is a valuable part of the report. [From 
The Rubber Age of New York.] 


ANNUAL Survey OF AMERICAN RusBBER CHEMISTRY FOR 1937. Webster N. 
Jones, Published as Engineering Bulletin 86 of the Carnegie Institute of Tech- 
nology, Pittsburgh, Pa. 64 pages. Price 75c. 


The previous edition of this review, which covered the year 1936, appeared 
in 1937. The publication this year of the survey for 1937, although late, will be 
welcomed by all those following the advances in rubber chemistry and tech- 
nology. The present survey is based on 326 American patent and periodical 
references, with the subject matter divided into the following classifications: 
crude rubber, properties and structure of rubber, accelerators, retarders of vul- 
canization, plasticizers, age-resisters, compounding ingredients and compound- 
ing, control and testing, reclaiming latex and rubber dispersions, cements and 
adhesives, rubber technology, synthetic rubber and rubberlike products, deriva- 
tives of rubber, and miscellaneous. The continuation of this annual survey should 
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be urged, particularly as it may be used to serve as a supplement to the Division 
of Rubber Chemistry’s A. C. S. monograph, “Chemistry and Technology of 
Rubber”, which appeared in 1937 under the editorship of C. C. Davis and 
J. T. Blake. [From the India Rubber World.] 


Practical Latex Worx. H. J. Stern. The Blackfriars Press, Ltd., Leicester, 
England. 1940. 44 by 74 inches, 103 pages. Illustrated. India Rubber World, 
U. 8. agent. $1.50 postpaid. 


In 1938 and 1939 there appeared in The Rubber Age of London a series of 
articles by H. J. Stern on latex work. They aroused so much interest that 
Dr. Stern revised them and published them in the form of this small book. 

The first three chapters are devoted to discussions of the types of latex avail- 
able, methods and equipment used in preparing dispersions and incorporating 
them into latex, and properties of ingredients commonly used in latex compounds. 
The next three chapters discuss manufacturing operations and equipment, in- 
cluding dipping, spreading, and the preparation and use of vulcanized latex. The 
final chapter describes methods of costing in latex manufacture. 

This book gives excellent, brief discussions of methods and equipment used 
in many present-day industrial applications of latex. It contains a surprising 
amount of useful detailed information for a work of its length. [E. G. Partridge. ] 


MANUAL DE LA INDUSTRIA DE LA Goma. Luis Pascual Majias Lopez. Published 
by La Goma, Calle de Moncada, 4, Tda., Barcelona, Spain. 64x94 in. 362 pp. 
$3.00. (In Spanish only.) 


When this book was reviewed in the April, 1940, issue of this journal we stated 
that it was a condensed version in Spanish of the “Encyclopedie du Caoutchouc et 


des Industries qui s’y Rattachent’’, the French manual issued several years ago 
by the Revue Generale du Caoutchouc. We arrived at this conclusion because 
some of the identical illustrations were used and many of the chapter heads 
were the same. It now develops, however, that although the publishers of the 
Spanish manual purchased a number of the engravings from the publishers 
of the French manual, and despite the similarity of chapter heads, the Spanish 
manual is a completely original work prepared by Senor Lopez. We are glad 
to bring this version to the attention of our readers. 

The Manual de la Industria de la Goma consists of 49 chapters, 37 devoted to 
rubber and the balance to applications of latex. In addition, there is a section 
giving a number of tables of interest to compounders of rubber products, includ- 
ing data on‘vulcanization temperatures, types of crude rubber and commercial 
solvents. The entire range of rubber, from collection through to the manufac- 
ture of the finished product, is covered in the manual. After discussing methods 
of cultivation, theories of vulcanization, vulcanization processes, compounding 
ingredients, use of factice, and recovery of solvents, the author launches into a 
number of chapters each devoted to the manufacture of some other rubber 
product, including tires and tubes, wires and cables, footwear, thread, and hard 
rubber goods. . 

Although formulas are given throughout the book in connection with the 
manufacture of specific products, there is in addition a complete chapter devoted 
to general formulas. In many cases alternative formulas are given, so that the 
user of the manual may do his own experimenting to determine which of the 
formulas given is best suited for his purpose. Incidentally, the manual is the 
first comprehensive work on rubber which has yet appeared in the Spanish 
language. [From The Rubber Age of New York.] 
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THE ParTicLe SIZE AND SHAPE OF COLLOIDAL CARBON AS REVEALED BY THE 
ExLectron Microscope. Columbian Carbon Co., 41 East 42nd St., New York 
City. 54x 73 in. 56 pp. 


Issued as Vol. II of “Columbian Colloidal Carbons”, this booklet presents a 
review of all previous work designed to determine the particle size and shape of 
colloidal carbon and so master the mystery of colloidal carbon-rubber reinforce- 
ment, describes the various forms of electron microscopes which have been con- 
structed in recent years, and then gives the results of the first of a series of 
investigations being conducted by W. L. Wiegand and his associates with the 
electron microscope as applied to Micronex carbon black. The conclusions drawn 
from this initial investigation indicate that all previous theories on the particle 
diameter of carbon black may have to be considerably revised. [From The Rub- 
ber Age of New York. ] 


THE CarRE AND TREATMENT OF RuBBER FLoorING.. British Rubber Publicity 
Association, 1, Albert Mansions, Lansdowne Road, Croydon, Surrey, England, 
54 x 84 in. 


Proper methods of washing and polishing rubber floors are given in this 
booklet. The point is stressed that only a cleanser or polish recommended by 
the manufacturer of the flooring should be used, and that all “home remedies” 
should be discarded or given thorough tests before application. [From The Rub- 
ber Age of New York.] 


TextiLE TestinG. John H. Skinkle. Published by Chemical Publishing Co., 
Inc., 148 Lafayette St., New York City. 54x8 in. 272 pp. $3.00. 


Methods for the physical, chemical and microscopical testing of textiles are 


thoroughly discussed in this book which is divided into three parts, each devoted 
to one of the three phases of examination. Where several methods are available, 
the author, who is an assistant professor of textile chemistry at Lowell Textile 
Institute, gives that considered best in detail and makes brief mention of the 
others. At the end of the description of each test a bibliography of references 
is given, so that those desiring further information can secure it. Brief reference 
is made to a rubber extraction device recommended by the A.S.T.M. for deter- 
mining oil and grease in knit goods with carbon tetrachloride. The book has 
17 chapters, 27 tables, and numerous illustrations, graphs and sketches. [From 
The Rubber Age of New York.] 





HEVEA LATEX: EFFECT OF PROTEINS 
AND ELECTROLYTES ON COLLOIDAL 
BEHAVIOR * 


A. R. Kempe and W. G. StralTIFF 


BELL TELEPHONE LABORATORIES, New York, NEw YorK 


It is generally recognized that the protein adsorbed on the rubber particles 
in Hevea latex plays a predominant rdéle in connection with stability and coagula- 
tion phenomena. Although the function of proteins as protective substances in 
colloidal dispersions is well known, very little exact information is available re- 
garding the mechanism of their protective action. 

Different latices containing protein have been found to differ markedly in col- 
loidal stability. For example, Hevea latex is coagulated by the addition of pro- 
tein coagulants, whereas Balata (Mimusops globosa) and Funtumia elastica latices 
also contain protein but are not coagulated by the addition of electrolytes or 
acids. On the other hand, latex from the Manihot glaciovii behaves towards co- 
agulants like latex from Hevea: 

One might postulate that the proteins present in Hevea and Manihot latices 
differ from those in Balata or Funtumia, or that other substances are present in 
the more stable latices which offer additional protective action. In this connec- 
tion Daniel, Freundlich and Sollner*, and Kemp’ have recognized protective sub- 
stances in Abiurana and Balata latices, which, when added to Hevea latex, prevent 
its coagulation with acids or salts. Latex from the Ficus elastica behaves dif- 
ferently from the other latices above mentioned. It gives a negative test for 
protein, and is flocculated but not coagulated with acids and salts. 

The influence of crystalloidal serum substances in aiding coagulation was dis- 
cussed by Henri® in his classical investigations of Hevea latex. He found that 
diluted ammonia-preserved latex which had been exhaustively dialyzed floccu- 
lated but did not readily coagulate upon addition of acids or alcohol. Dekker® 
also noted that the coagulation of dialyzed latex with acids was incomplete. On 
the other hand, Beadle and Stevens', Stevens and Rowe!®, and Noble® all ob- 
served that ammonia-preserved latex reacted normally towards acid after dialysis. 

Henri® showed that the latex particles in dialyzed latex are negatively charged 
and coagulate on the addition of various metal salts. He also showed in a quali- 
tative manner that the addition of various salts to dialyzed latex increases its 
tendency to coagulate on addition of alcohol. 

The present investigation was undertaken to show the effect of electrolytes on 
the colloidal stability of latex in a quantitative manner and to relate these findings 
with the stability characteristics of separate protein fractions contained in the 
latex. In this way it was hoped that the mechanism of coagulation and the 
fundamental factors effecting latex stabilization could be more completely 
elucidated. 

In this investigation direct recourse was had to fresh latex from the Hevea 
and other species through the courtesy of the Division of Plant Exploration and 
Introduction, Bureau of Plant Industry, of the U.S. Department of Agriculture, 
which maintains a garden tract near Coconut Grove, Florida, containing various 
rubber-bearing trees and shrubs. 


* Reprinted from The Journal of Physical Chemistry, Vol. 44, No. 6, pages 788-808, June 1940. 
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ISOLATION AND IDENTIFICATION OF PROTEINS IN LATEX 


Bishop? isolated three protein fractions from fresh latex serum obtained by 
freezing the latex to coagulate and separate the rubber particles. Protein A 
was separated by adding acetic acid to adjust the serum to a pH of 4.5. Protein B 
was isolated by saturating the filtrate from protein A with sodium chloride, 
and protein C was precipitated by heating the saturated sodium chloride solu- 
tion on the steam bath. Bondy and Freundlich* separated two protein fractions, 
designated A and B, from centrifuged and filtered ammonia-preserved latex serum 
by addition of ammonium sulfate. 

In the present investigation the Bondy and Freundlich procedure was fol- 
lowed, except that the latex was filtered through filter cel on filter paper in a 
Biichner funnel. A special technique was employed, which made it possible to 
filter either undiluted ammonia-preserved or fresh latex without recourse to 
the use of a centrifuge. The filtered serum was dialyzed against distilled water, 
using a cellophane membrane to remove coloring matter and crystalloids before 
precipitating the proteins. 


SEPARATION OF PROTEIN A 


Saturated ammonium sulfate solution was added with stirring to an equal 
volume of the dialyzed serum at a pH of 6.5. After 2 hours, precipitation was 
complete and the supernatant liquor was decanted. The precipitate was dis- 
solved on the filter in dilute ammonia water of pH 8.5, and reprecipitated twice. 
The material was then dissolved in dilute ammonia water, dialyzed simply for 
48 hours in the presence of toluene, and electrodialyzed under a potential gradient 


of 36 volts per centimeter for 8 hours. During this time the proteinic material 
precipitated as a light brown flocculent precipitate, which settled to the bottom 
of the cell. Precipitating apparently was complete, as the supernatant liquid 
gave a negative biuret reaction. 


SEPARATION OF PROTEIN B 


The filtrate from protein A was saturated with ammonium sulfate at room 
temperature. The precipitation was complete after 48 hours, and the light brown 
precipitate was redissolved on the filter in a dilute ammonium sulfate solution 
and reprecipitated twice. Final purification was accomplished through simple 
dialysis and electrodialysis. Electrodialysis brought about the precipitation of 
protein B, as was the case with protein A. 


SEPARATION OF PROTEIN C 


The filtrate from protein B was subjected to simple dialysis until practically 
free of ammonium sulfate. It was then heated on the steam bath; when the 
temperature reached 60° C precipitation took place and was practically com- 
plete within 20 minutes. 

It was considered possible that protein C was a heat-denatured product of 
protein B which had not been removed by the salting-out process. In order that 
this doubt might be removed, separate aqueous solutions of proteins A and B 
with a minimum of salt present were prepared. When these solutions were heated 
to 60° C and maintained at that temperature for some time, precipitation did 
not take place. Furthermore, aqueous solutions of protein C did not show evi- 
dence of precipitation after long periods of dialysis, as did proteins A and B. 
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There was also a difference in the stability of the unprotected protein hydrosols 
towards bacteria. Protein B hydrosol was strongly attacked by bacteria within 
24 hours, whereas hydrosols of proteins A and C were not attacked for several days. 


IDENTIFICATION OF PROTEINS 


The protein fractions were freed from electrolytes by electrodialysis, as was 
done by Bondy and Freundlich. Bishop, on the other hand, simply dialyzed 
proteins A and B, and washed protein C in warm water. The nitrogen contents 
of these protein fractions found by different investigators are given in Table I. 
It is seen that agreement is good between our results and those of Bondy and 
Freundlich; however, we do not agree with Bishop’s results in the case of the 
nitrogen content of fresh latex proteins. In our work the latex was collected in 
Pyrex glass tubes, and was filtered immediately in an atmosphere of nitrogen in 
the presence of toluene. The proteins were then quickly precipitated. It is be- 
lieved that these precautions largely prevented bacterial attack on the com- 
plex proteins. 

Chemical analysis of protein A from ammoniated latex gave the following 
results: carbon, 50.67 per cent; hydrogen, 7.25 per cent; nitrogen, 13.4 per cent; 


TABLE I 
NITROGEN CONTENT OF PROTEIN FRACTIONS 


Nitrogen by Kjeldahl in 
entiani 





‘Protein A Protein B Protein C 
(Per cent) (Per cent) (Per cent) 


Bishop’ (fresh latex) 14.0-15.1 145-154 164-169 
Bondy and Freundlich * (ammoniated latex) ; 15.2 

Present investigation (ammoniated latex) i 148 14.0 
Present investigation (fresh latex) ; 11.8 


sulfur, 0.55 per cent; ash, 1.4 per cent; oxygen by difference, 26.73 per cent. 
The protein A from fresh latex was found to contain 1.32 per cent sulfur and 
2.26 per cent ash. The lower content of nitrogen in the proteins from fresh 
latex compared with those from ammoniated latex is evidence that the proteins 
in fresh latex are highly conjugated. The higher sulfur and ash content of protein 
from fresh latex also confirms this view. It appears from these and other ob- 
servations that ammonia reacts with the complex proteins in fresh latex. The 
proteins are conjugated glycoproteins, and this also in part accounts for their 
low nitrogen content. Phospholipids, soaps, and other colloids are present in latex 
which might be carried down with the protein and be difficult to remove. These 
observations are recited to point out that the proteins separated from latex can- 
not be considered as pure substances of uniform composition but are probably 
mixtures which are sometimes called complexes. Their predominant protein char- 
acteristics, however, are not greatly altered by the presence of other colloidal 
bodies. 

Color and precipitation reactions of the proteins are shown in Table II. These 
tests show the true proteinic nature of the fractions and serve to identify them 
as conjugated glycoproteins. This confirms the work of Spence and Kratz!%, who 
placed the insoluble protein in crude Hevea rubber in the same classification. 
Proteins from ammonia-preserved latex fail to show the ninhydrin test, whereas 
proteins from fresh latex show a positive ninhydrin reaction. It is well known 
that the a-amino group next to a carboxyl group which gives the ninhydrin 





708 RUBBER CHEMISTRY AND TECHNOLOGY 


reaction is easily split off, especially by alkali treatment. Bishop? observed 
negative Molisch reactions with all three proteins from fresh latex; this result 
is confirmed. Molisch tests in the case of proteins from ammoniated latex, how- 
ever, are positive. Bondy and Freundlich? obtained positive Millon’s tests for 
proteins A and B, whereas our Millon’s tests were negative for all three proteins 
from both fresh and ammoniated latex. The results of this investigation show 
that the proteins in fresh latex are changed as a result of standing in the pres- 
ence of ammonia. 


TABLE II 
REACTIONS OF RupBeR LATEX PROTEINS 


Reactions Protein A Protein B Protein C 
Color reactions: 

Biuret 
Ninhydrin 
Xanthoproteic 
Millon’s 
Hopkins-Cole 
Molisch 
Fehling’s 


_ 
a 


+++1+1+ 
+++1+1+ 
+++ 1414+ 


Precipitation reactions: 
Nitric acid (Heller) 
Lead acetate 
Mercuric acetate 
Copper sulfate 
Picric acid 
Tungstic acid 
Dichromic acid 
Aluminum sulfate 
Calcium acetate 


Hepp tt4t+ 
++4+4++4+4+4+ 
[1 1 b++++1 


“ Test positive in the case of proteins from fresh latex. 
>» Test negative in the case of proteins from fresh latex. 


EFFECT OF SALTS ON THE COAGULATION OF PROTEINS 

A study of the colloidal behavior of the different proteins should test the 
validity of the protein theory and aid in determining which proteins are im- 
portant as far as the colloidal properties of the rubber particles are concerned. 
An attempt was therefore made to determine the effect of salts on the stability 
of each protein hydrosol towards coagulants. A comparison of the properties 
of the protein hydrosols with the properties of normal and dialyzed latex is shown 
in Table III. Protein hydrosols A and B were prepared by dissolving the freshly 
precipitated proteins in a small amount of water and dialyzing the resulting 
solution until free of ammonium sulfate. The protein hydrosol C was prepared 
by simple dialysis followed by electrodialysis of latex serum to precipitate com- 
pletely proteins A and B which were filtered off, leaving protein C in solution. 
The negative sign in Table III means that precipitation of the proteins did 
not readily take place. 

It was not possible to show in Table III the relative effect of different salts 
on the coagulation of the proteins. A divalent salt such as barium chloride was 
found to be more effective than a monovalent salt such as sodium chloride. 
In some cases the addition of a small amount of barium chloride brought about 
the coagulation of proteins A and B without the necessity of adding a coagulant. 
In addition, there was a difference in the coagulating power of the organic co- 
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agulants,—acetone, for example, being much more effective than alcohols. In 
order to obtain comparable results, the amount of coagulant added was that 
necessary to show rapid coagulation in the presence of salt. 

These observations show that the hydrosols of all three proteins are subject 
to a “salt effect”, which acts in the direction of increasing the instability of the 
hydrosols on heating and in the presence of the usual latex coagulants. The 
experiments show also that latex is readily coagulated by acids if salts are 
present and the hydrogen-ion concentration approaches the isoelectric range 
of proteins A and B. Bondy and Freundlich® found the isoelectric point of 
protein A to be 4.5 and that of protein B to be 3.9. Addition of organic coagu- 
lants results in the coagulation of all three proteins in the presence of salts. 
As the salt content is reduced, more coagulant is required. In the absence of 
salts no coagulation occurred at a pH of 6.5 to 7.0. Heat coagulation of normal 


TaB_e III 
Errect oF SALTS ON CoAGULATION OF PRoTEIN HyprosoLs AND LATEX 


pH of protein hydrosols = 6.5 to 7 


Sodium 
chloride 
content 
Coagulating conditions (Per cent) Protein A Protein B Protein C 


e 


Dilute acetic acid 


. 


Methy] alcohol (40 to 60 per cent). | 


“ 
a. 
-f- 
a 
+ 


Acetone (10 to 20 per cent)........ \ 


J+) ++14+41 


Heating at 75° C 


“ Normal ammoniated latex, pH = 10.4. 


_ > Normal ammoniated latex exhaustively dialyzed and 0.05 per cent sodium chloride added. Floccula- 
tion took place in the isoelectric region. 


° Normal ammoniated latex exhaustively dialyzed with no added sodium chloride. Flocculation took 
place in the isoelectric region. 


latex appears to be primarily due to protein A, since protein B is not heat- 
coagulated and protein C is not readily coagulated with heat in the presence 
of salts. The heat coagulation of latex may be greatly accelerated by the ad- 
dition of a small quantity of salt, as would be expected in view of the effect 
of salt in the coagulation of protein A. The resistance of dialyzed latex to- 
wards heat coagulation, while protein C readily coagulates, indicates either that 
this protein is not adsorbed on the rubber particle or that its coagulation is 
not sufficiently strong to bring about coagulation of latex. It was therefore con- 
cluded that the colloidal properties of normal ammoniated latex are principally 
governed by proteins A and B. 


CHANGES IN LATEX ON DIALYSIS 


In dialyzing ammoniated latex in the simple dialyzer shown in Figure 1, dis- 
tilled water was passed through the apparatus continuously at the rate of 
5 gallons per day. A nitrogen pressure of 6 cm. of mercury prevented dilution 
for the first 48 hours, and 3 cm. of pressure was sufficient thereafter. The ten- 
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dency for the latex to foam prevented a continuous passage of nitrogen through 
the system until dialysis had proceeded for 72 hours. The latex at this time 
was almost pure white, and behaved normally towards latex coagulants. 

When dialysis was continued for 24 hours longer, latex cream formed on the 
membranes, and a sample of the uncreamed latex showed increased resistance 
towards coagulation by alcohol and organic acid. It was not, however, com- 
pletely stable towards the addition of acid to a pH of about 5 over long 
periods of standing or when vigorously agitated. The coagulum which formed 
was very spongy, and closely resembled fresh latex coagulum. The rapid ad- 








pando M50 DISTILLED 
INCHES 
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2 
Fic. 1.—Simple dialyzer. 


dition of a larger amount of acid yielded a stable acid latex. Acetone coagulated 
this partially dialyzed latex with practically the same ease as the undialyzed latex. 

At the end of an additional 72-hour period of dialysis, the latex had creamed 
to such an extent that continued dialysis was not feasible. The latex was very 
stable towards immediate coagulation by organic acids at a pH of about 5, 
compared with the ammoniated latex, and when made strongly acid did not co- 
agulate or undergo putrefaction after standing several weeks. The mechanical 
stability of latex, measured by flocculation on agitation, is greatly decreased by 
dialysis. On the other hand, the addition of ammonia or strong acids to dialyzed 
latex restores its mechanical stability. 

The creaming of latex on membranes during dialysis has been given attention 
by Stevens, Dyer, and Rowe"*, who suggested that the creaming was caused by 
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ionic movement which carried the particles to the membrane. It was observed 
in the present investigation that creaming of the latex particles on the mem- 
branes always took place when dialysis had progressed sufficiently to lower the 
pH of the latex within the vicinity of the neutral point. The dialyzed cream on 
redispersion in distilled water recreams in a short period. However, by addi- 
tion of a small amount of acid or alkali it forms a stable dispersion. It has 
been noted that creaming on the membrane does not occur when the latex is 
exhaustively dialyzed against dilute ammonia water having a pH of about 10.5. 
When the ammonia is then removed by dialysis against distilled water, cream- 
ing does not occur. Dialysis of ammoniated latex against distilled water quickly 
removes the ammonia, reducing the pH, which in turn reduces the electrical 
charge on the particles before the electrolytes have been removed. Under these 
conditions the particles readily cream. 


Errect oF Diatysis ON SERUM PROTEINS 


Filtered normal ammoniated latex serum protected by several drops of toluene 
was dialyzed against distilled water between cellophane membranes in the con- 
vertible dialyzer shown in Figure 2. After 2 days’ dialysis the serum became 
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Fia. 2.—Convertible dialyzer. 


almost colorless, and at the end of 5 days protein had started to precipitate 
and collect on the membranes. New membranes were placed in the apparatus, 
and dialysis was continued with a constant flow of distilled water to the end of 
12 days. During this time protein continued to precipitate and the serum be- 
came very turbid, while the membranes were covered with films of protein. If 
dialysis is conducted against ammonia water of pH of 10.5 for example, no 
coagulation of proteins will occur. It appears that coagulation of protein A re- 
sults from the reduction of the pH to an unstable range before salts have been 
removed. 
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To determine which protein had separated on exhaustive dialysis, a sample 
of the filtered dialyzed serum was mixed with an equal volume of a saturated 
ammonium sulfate solution. After standing 24 hours, a small amount of a color- 
less flocculent material separated. This was isolated; on being redispersed in 
a small amount of distilled water it immediately redissolved, and the solution 
gave negative protein tests. The half-saturated serum from the above was com- 
pletely saturated by the addition of solid ammonium sulfate. Precipitation took 
place immediately and, after standing 24 hours, a considerable amount of pro- 
tein B precipitated. These experiments show that simple dialysis brings about 
complete precipitation of protein A, but has very little effect on protein B. Tests 
also showed that protein C remained unprecipitated on dialysis. 


TABLE IV 
CoaGULATION CHARACTERISTICS OF HEVEA LATEX 


Normal Dialyzed 
Coagulating Filtered * Dialyzed t ammoniated ammoniated 
conditions Fresh latex fresh latex fresh latex latex latex 


Rar, mane See. ~ + - 
Dilute acetic acid ft. 1 Slow§; Very slow § 
-2 hr. 

Dilute acetic acid { + + +. 4 4 

and salt ¢ Fast J Fast 
Methy! alcohol (40- 

60 per cent) + 
Methyl alcohol (20- 

40 per cent) and 

+ +- +— 


oT. ; La al 7 — wer ee 
Heating at 75°C.. Slow Very slow Very slow Slow 


J 

7k 

Heating at 75°C in { 
the presence of 


+ + + 
Fast Fast . Fast Fast 


* Latex filtered through filter cel, rubber-washed, and redispersed in distilled water. 
t Latex exhaustively dialyzed. 

t Acid added until pH was approximately 5. 

§ Slow is 0.5 hours to 2 hours; very slow is 2 to 8 hours. 

*| Fast is less than 0.5 hour. 


Errect oF DIALYsis ON THE COAGULATION OF LATEX 


A comparison of the colloidal properties of normal and dialyzed latex demon- 
strated that the “salt effect” is prevalent in normal ammoniated latex. The 
coagulating properties of normal and salt-free latices are given in Table IV. In 
these experiments an attempt has been made to correlate the observations with 
those made on the proteins shown in Table III to determine which of the pro- 
tems are responsible for the colloidal behavior of the rubber particles. 

The slow coagulation of fresh latex in comparison with ammonia-preserved 
latex may be explained on the basis that the proteins in fresh latex are different 
chemically from those in ammoniated latex. Coagulation experiments on fresh 
latex proteins A and B showed that they were more stable than proteins A 
and B from ammoniated latex. 

If freshly tapped latex is quickly coagulated by adding alcohol to 40 per 
cent concentration, filtering the serum, and raising the alcohol concentration 
of the clear serum to 80 per cent, a precipitate is formed. When this precipitate 
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is separated, dried and added to dilute ammonia-preserved latex, it prevents co- 
agulation by acetic acid. This protective substance has a proteinic character 
and appears to be similar to the protective substance separated from Balata latex. 


CHANGES IN LATEX CoMPOSITION ON DIALYSIS 


Of the crystalloidal substances removed by dialysis, the ash components, con- 
sisting mainly of alkali and alkaline-earth phosphates, are almost completely 
eliminated. The total solids of exhaustively dialyzed fresh and ammoniated latex 
have been found to contain from 0.06 to 0.11 per cent ash, which was found 
to be largely phosphorus pentoxide. Rhodes and Bishop’? found that latex con- 
tains a phosphatide in such a quantity as would account for this ash, since this 
substance is probably not removed by dialysis. Water-soluble organic crystal- 
loids such as 1-methylinositol, which is present in latex to the extent of 1 to 
2 per cent, would be completely removed by dialysis. 

Fresh latex and ammoniated latex lose nitrogenous substances by dialysis. 
These substances consist in part at least of salts of amino acids, several of 
which have already been identified as present in latex. The decrease in nitrogen 
content by dialysis depends on the particular latex studied. A sample of freshly 
tapped latex lost 22 per cent of its nitrogen, whereas two samples of ammonia- 
preserved latex showed losses of 36 to 39 per cent when dialyzed exhaustively. 

Most of the coloring matter in the serum is removed by dialysis, and this 
results in the latex becoming milky white. It was found that the serum of filtered 
freshly tapped latex is colorless, but turns brown quickly on exposure to air. 
Some lots of ammonia-preserved latex have a deep brown-colored serum, whereas 
others are light brown. 

The total diffusible material on the total solid basis has been found to range 
from 8.2 per cent in the case of freshly tapped latex to 9.5 in the case of latex 
from the same source after 1 per cent ammonia had been added and it had 
stood for 2 months. The diffusate is a brown, transparent, brittle, gummy 
substance, and is very hygroscopic. 

The rate of removal of dialyzable substances from a sample of normal am- 
monia-preserved latex when dialyzed in the simple dialyzer is shown in Figure 3. 
It is seen that dialysis is practically complete after 5 days. In this experiment the 
dialysis was made against ammonia water of pH 10.5, and the dialyzate was re- 
placed periodically. The diffusate was determined by drying to constant weight. 


EFFECT OF SALTS ON ALCOHOL COAGULATION OF DIALYZED LATEX 


It has been shown that washed filtered fresh latex, dialyzed fresh latex, and 
dialyzed ammoniated latex at a pH of about 7 resist the coagulating action of 
alcohol to a greater extent than was the case with normal ammoniated latex. 
Although coagulation in the absence of salt can be accomplished by the addition 
of a considerable quantity of alcohol, it was definitely established that added 
salts of different types materially reduced the amount of coagulant. This con- 
forms to the previous observations that a reduced salt content in the protein 
hydrosol greatly increases its stability. Since some salts have a greater effect 
than others, an attempt was made to determine the variations quantitatively. 
Methyl alcohol was chosen as the coagulant, and the technique developed for this 
purpose was as follows: The dialyzed latex of pH 7.4 was prepared by dialyzing 
normal ammoniated latex for 10 days against ammonia water of a pH of 10, 
followed by 4 days against distilled water. The latex after dialysis was ad- 
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justed to a total solids content of 15 per cent by the addition of distilled water. 
In the case where the pH was 5.4, acetic acid was added to the dialyzed latex. 
A sample of this latex was mixed with an equal volume of the salt solution of 
known molality, and the*amount of alcohol necessary for coagulation was de- 
termined. This was done by first obtaining the approximate volume of alcohol 
which would coagulate the latex in 2 to 3 min. with mild agitation, followed by 
gradually increasing the amount of alcohol until coagulation was complete after 
1 min. Coagulation was called complete when the alcoholic serum no longer 
gave indications of milkiness when rotated in an inclined test tube. The results 
of the experiments are given in Table V and plotted in Figure 4. 

The steepness of the initial part of each curve indicates that the alcohol co- 
agulation of latex does not result simply from the dehydration of the adsorbed 
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DIALYSATE - PER CENT OF TOTAL SOLIDS 


DIALYSIS TIME IN DAYS 


Fig. 3.—Rate of dialysis of ammoniated latex. 


proteins, as generally believed. The aluminum chloride curve is unique, as it 
shows that small amounts of this salt behaved normally in respect to other salts, 
but at higher concentrations it shows very little effect. The other curves show a 
gradual slope towards the abscissa, the barium chloride curve striking it at a 
molality of 0.0475 whereas at the same molality of potassium chloride a con- 
centration of 47 per cent by volume of methyl alcohol was required for coagu- 
lation. The greater coagulating power of divalent compared with monovalent 
metal salts confirms the results of Henri®. The abnormal behavior of aluminum 
chloride may possibly be related to its hydrolysis, which changes the pH of the 
solution. The cause of this effect, however, is not clear. 

A study was made of the effect of potassium chloride, barium chloride and 
potassium sulfate on the coagulation of dialyzed latex adjusted to a pH of 2.5 
by the addition of formic acid. In the case of potassium sulfate, the coagulation 
was not as sharp and complete as in the case of the other salts, making it neces- 
sary to approach the coagulation point very carefully by a very gradual increase 
in alcohol. Part of the latex at this end point was flocculated and the remainder 
coagulated, so it was necessary to determine the point where the flo:culation was 
no longer increased by further addition of alcohol. The results are given in 
Table VI and plotted in Figure 5. 

The maximum effect of salts on coagulation is shown in the case of barium 
chloride at a pH of 5.4 and 7.4, which is on the alkaline side of the isoelectric 
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coagulation 
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CONCENTRATION OF ADDED SALT IN MOLS 
Fic. 4.—Effect of salts on alcohol coagulation of dialyzed latex. 
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TaB_e VI 


Errect oF SALTS oN ALCOHOL CoAGULATION oF DiALyzep Acip LaTex at 2.5 PH 


Alcohol 
required for 
Salt coagulation 
concentration (Per cent by 
(Moles) volume) Remarks 
Stable alcosol 
Slight coagulation 


1.0 
1.11 
K.SO, 0.0 Stable alcosol 
0.0025 ¢ Slight coagulation 
0.005 
0.010 
0.013 
0.015 
0.020 
0.025 
0.030 
* 0.040 
0.0 Stable alcosol 
0.01-0.05 Slight coagulation 
0.10-0.20 Slight coagulation and flocculation 
0.30 
0.40 
0.50 
0.55 


1- KCl pH 2.5 
2-BaCla pH 2.5 
3-K2S04 pH 2.5 


CONCENTRATION OF ATCOHOL IN PER CENT BY VOLUME 


CONCENTRATION OF ALCOMOL IN PER CENT BY VOLUME 


CONCENTRATION OF ADDED SALT IN MOLS = 


Fig. 5.—Effect of salts on alcohol coagulation of Fig. 6.—Effect of pH on alcohol coagulation of 
dialyzed latex. dialyzed latex. 
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point, and by potassium sulfate at a pH of 2.5, on the acid side. Barium chloride 
at a pH of 2.5 is approximately twice as effective as potassium chloride at the 
same pH, indicating that the chloride ions in the barium chloride are involved 
primarily, and that the barium ions do not enter into the coagulation phenomena. 
On the other hand, at a pH of 7.4 it is the barium or positive ions which effect 
coagulation. These data show that the divalent positive ions are more effective 
than monovalent positive ions when the pH is on the alkaline side of the iso- 
clectric point, and that the divalent negative ions are more effective than the 
monovalent ions when the latex is on the acid side of the isoelectric state of the 
particles. 

A study was made of the effect of pH on the amount of alcohol required 
for coagulation of 7.5 per cent dialyzed latex. These results have been plotted 
in Figure 6, and show that alcohol coagulation depends on the magnitude of 
the charge on the latex particles. The maximum sensitivity to coagulation is 
seen to be at the isoelectric point of the latex particles, which in turn is con- 
trolled by the isoelectric points of the adsorbed proteins on the particles. 
Evidence in favor of the conclusion that both protein A and protein B are ad- 
sorbed on the rubber particles was obtained by a careful study of the changes 
in the colloidal stability of a diluted dialyzed latex at various pH intervals 
between 1.75 and 4.9. The experimental procedure consisted in diluting 0.05 ce. 
of a 29 per cent total solids dialyzed latex with 3 cc. of distilled water having 
a definite pH, and observing the state of the rubber particles immediately upon 
dilution and after 3 min. agitation. It was found that maximum instability was 
reached at a pH of 4.15, which is approximately half-way between the isoelectric 
points of the two proteins. When the pH was varied to either side of this point, 
a definite trend towards increased stability was noted. This was more pro- 
nounced when the pH was increased rather than when it was decreased, as is 
seen in Table VII. The pH determinations were made with a Beckmann pH 
meter, using a glass electrode. 

Twiss'® has given 4.2 as the isoelectric point of dialyzed latex, determined 
by studying the electrophoretic movement of latex particles under various pH 
conditions under a microscope. He therefore showed that there is a reversal of 
charge on the latex particles at a pH of 4.2, whereas the present work shows 
that latex has its minimum stability at a pH of 4.15. The agreement of these 
separate investigations, using different methods, is excellent, and leads to the 
conclusion that the isoelectric point of latex particles lies at a pH between 4.15 
and 4.2, 


DISCUSSION 


It has been shown in confirmation of the finding of other investigators that 
the rubber particles in ammoniated latex are stabilized by complex conjugated 
proteins. It appears that two of the three proteins present are primarily re- 
sponsible for the colloidal behavior of the rubber particles. The mechanism by 
which they function in this capacity is intimately associated with the electrical 
charge they induce on the surfaces of the rubber particles. The way in which 
native soluble proteins of the type similar to the rubber proteins become charged 
and exist in aqueous solution as proteinic anions and cations may be explained on 
an ampholytic basis. The two rubber proteins A and B are ampholytes, as they 
respond to reversible precipitation by changes in the hydrogen-ion concentration 
of the dispersion medium. This property has been accounted for in the case of 
other native soluble proteins on the basis that such proteins are polybasic acids 
and polyacidic bases. This would imply that the rubber proteins contain in their 
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TasB_e VII 


Errect oF PH on Stasivity of DiALyzep LaTex 


Immediately upon dilution 


Completely dispersed 


Very slightly flocculated into very 
small flocculi 

Very slightly flocculated into very 
small flocculi 

Very slightly flocculated into very 
small flocculi 

Partly flocculated into very small 
flocculi 

Partly flocculated into small floc- 
cull 

Partly flocculated into small floc- 
culi 

Partly flocculated into small floc- 
cull 

Almost completely flocculated into 
large flocculi 

Almost completely flocculated into 
large flocculi 

Almost completely flocculated into 
large flocculi 

Completely flocculated into large 
flocculi 

Almost completely flocculated into 
large flocculi 


Partly floceulated into small floc-. 


cull 

Very slightly flocculated into very 
small flocculi 

Completely dispersed 


After 3 min. agitation 

Partly coagulated; serum very tur- 
bulent 

Partly coagulated ; serum very tur- 
bulent 

Partly coagulated; serum very tur- 
bulent 

Partly coagulated; serum very tur- 
bulent 

Partly coagulated; serum very tur- 
bulent 

Largely coagulated; serum cloudy 


Largely coagulated; serum cloudy 
Largely coagulated; serum cloudy 
Largely coagulated; serum cloudy 


Almost completely coagulated; se- 
rum slightly cloudy 

Almost completely coagulated; se- 
rum very slightly cloudy 

Completely coagulated after 2 min. 
agitation 

Almost completely coagulated; se- 
rum cloudy 

Largely coagulated; 
cloudy 

Partly 
cloudy 

Very slightly flocculated ; 


serum very 


coagulated; serum very 


serum 


very turbulent 
4.90 Completely dispersed 


* Addition of a little sodium chloride brought about sharp coagulation. 


Completely dispersed 


molecular structure a number of the amino acid residues of the basic and acid 
type. The presence of these free amino and carboxyl groups results in the so- 
called zwitter-ion effect, which is useful in explaining the mechanism of coagu- 
lation. The actual existence of these groups in rubber proteins has been shown 
by Midgley, Henne, and Renoll’. This insight on the amphoteric nature of the 
rubber proteins as applied to the proteinic sheath on the rubber particle is 
of fundamental importance. The adsorbed protein layer on the particles, which 
may be continuous or discontinuous, scatters on the surface of the rubber particles 
numerous positive and negative charges. When the pH of the serum is on the 
alkaline side of the isoelectric point of the proteins, protons are lost, and the 
surface of the particle contains a majority of negatively charged carboxyl groups; 
the magnitude of the charge on the particle depends on the pH of the solution. 
If the pH of the serum is on the acid side of the isoelectric point, the majority 
of the charges are positive and the rubber particle is positively charged. The 
particle becomes isoelectric when the pH of the solution is midway between the 
isoelectric points of the adsorbed proteins on the particles, which has been shown 
to be at a pH of 4.15. 

Normal ammoniated latex has been shown to exhibit a “salt effect”, which is 
due not only to the original salts present but to those formed by neutralization 
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in the process of coagulation. This “salt effect’? has a wider application than 
the explanation of the properties of a well-dialyzed latex. It explains the ad- 
ditional stability of any latex in which the salt content has been lowered to 
within the neighborhood of 0.1 per cent or lower. There are many different ways 
in which this may be accomplished: for example, repeated filtration with inter- 
mittent washing and repeated centrifuging results in latices which exhibit ad- 
ditional stability towards coagulating agents. 

Pauli’® 11 showed that the complete removal of electrolytes resulted in greatly 
increased stability of albumin towards coagulating influences. Apparently no 
one has satisfactorily explained the mechanism of this “salt effect”. As a matter 
of fact, this effect has not been widely recognized. 

The experiments described in this paper on the effect of salts in the coagu- 
lation of latex with alcohol bring out many interesting points. The generally 
accepted idea that the coagulation of latex and proteins with alcohol is solely 
a dehydration phenomenon must be questioned, since it has been shown that 
the nature and quantity of the salts present and the pH of the solution are 
controlling factors in the amount of alcohol required for coagulation. 

Salts have their greatest effect in coagulating latex near the isoelectric state 
of the adsorbed proteins. This is probably because under this condition the 
latex particles are weakly charged and become easily discharged by bombardment 
of ions of opposite charge. A highly charged latex particle, on the other hand, 
would not be so readily discharged to the isoelectric state by ionic bombardment. 
The effect of adding divalent ions of opposite charge to the particles would be 
expected to neutralize the charge on collision more effectively than a monovalent 
ion. This would explain why barium chloride is more effective than potassium 
chloride in the coagulation of negatively charged latex particles, and why po- 
tassium sulfate is more effective than potassium chloride in the coagulation of 
positively charged latex particles. 

Alcohol coagulation in the presence of salts, however, may be influenced by 
other factors, such as salt formation directly with the protein, whereby the 
protein becomes less soluble. The well known precipitation of proteins with 
heavy-metal salts is a case in point. The addition of alcohol to a protein hy- 
drosol would be expected to influence its hydration, and it might reduce the 
overall charge by reducing its ionizing power. The greatest stability of the rub- 
ber proteins would be expected in water free from electrolytes and dehydrating 
influences, and at a pH furthest removed from its isoelectric point. This appears 
to be confirmed by this investigation. As the concentration of water is reduced 
by addition of alcohol, the amphoteric nature of the protein would be less pro- 
nounced and its electrical charge reduced. 

Latex immediately after tapping does not coagulate for some time after adding 
acetic acid, whereas instant coagulation occurs in the case of the ammonia- 
preserved product. This difference appears to be due to the increase in the 
salt content of the ammonia-preserved product and to a greater protective power 
of the fresh latex protein, which is partly destroyed by bacterial action and by 
reaction with ammonia on standing. In spontaneous coagulation, the protective 
power of the proteins and associated substances apparently is destroyed by ex- 
tensive bacterial action under pH conditions favorable to bacterial activity and to 
coagulation. It is known that native protein sols frequently become much more 
sensitive towards the effect of electrolytes when subjected to various treatments 
which change their nature. The effect of bacteria and ammonia on fresh latex 
is a case in point. 
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The complexity of the colloid chemistry of proteins and their function as pro- 
tective coatings on dispersed particles is well illustrated in the present investi- 
gation. Progress in this field has been slow, since it is very difficult to control 
the numerous variables which enter into experiments with proteins. Knowledge 
is very incomplete concerning the molecular structure of proteins, and it is well 
recognized that the preparation of proteins of uniform composition and proper- 
ties offers the greatest difficulty. 

Further work in determining the effect of salts on the colloidal stability of 
the numerous types_of proteins found in nature may be found very useful. It 
is well known that the solubility of certain types of proteins, such as globulins, 
is increased in the presence of neutral salts. 

In colloid systems the electrical charges on the dispersed particles appear to be 
of fundamental importance to their stability. Maximum stability exists when 
either the positive or the negative charge is predominantly high. A wider recog- 
nition of this view should be helpful in future studies of factors which influence 
the stability of such systems. 


SUMMARY 


1. Three protein fractions have been isolated from fresh and ammoniated latex 
serum. The usual color and precipitation reactions have been carried out, and 
they place these proteins in the classification of conjugated glycoproteins. Pro- 
teins from fresh latex differ in composition from, and are less sensitive to, co- 
agulating influences than protein from ammonia-preserved latex. 

2. Coagulation tests using latex coagulants were performed on the protein 
hydrosols. It was found that, as the concentration of electrolytes decreased, co- 
agulation of the proteins was inhibited, whereas coagulation readily took place 
when salts were present in sufficient concentration. 

3. Normal ammoniated latex has been subjected to extensive dialytic treat- 
ment in specially constructed apparatus. As the ash content of the total solids 
from the latex approached a value of 0.1 per cent, the mechanical stability de- 
creased and the chemical stability increased. Addition of excess acid or alkali 
to dialyzed latex yielded stable latices which were highly resistant to spontaneous 
coagulation. 

4. Quantitative coagulation studies, using methyl alcohol and salts of varying 
types and made on dialyzed latex adjusted to various pH conditions, show that 
small amounts of a dissolved salt greatly aid coagulation. Considerable varia- 
tion in the effectiveness of different salts was found. In acid latex of pH 2.5 
the charge on the latex particles was reversed from negative to positive, and the 
salt effect was shown to be different from that experienced in the case where 
the pH was on the negative side of the isoelectric point. 

5. The amount of alcohol required to coagulate dialyzed latex depends on the 
pH of the latex. It is shown that the amount of alcohol required for coagulation 
increases on each side of the isoelectric point, which was determined to be at a 
pH of 4.15. 

6. The protective mechanism of proteins has been discussed on the basis of 
the electrical charges induced on the surface of the latex particles by the presence 
of the protein layer. The zwitter-ion effect induced by the presence of free amino 
and carboxyl groups in the rubber proteins is of fundamental importance in de- 
termining the colloidal characteristics of latex. 


The fresh latex from the Hevea and some of the other types of latices men- 
tioned in this paper were obtained from the Department of Agriculture through 
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the U.S. Plant Introduction Garden, Coconut Grove, Florida. The authors wish 
to express their appreciation for the assistance and codperation of the Department. 
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THE PROTEINS OF HEVEA BRASILIENSIS * 


1. ANALYSIS OF A PRODUCT ISOLATED FROM DRIED LATEX 
G. R. Tristram 


DEPARTMENT OF BIOCHEMISTRY, IMPERIAL COLLEGE OF SCIENCE AND TECHNOLOGY, LONDON, ENGLAND 


Much work has been done on the correlation between the physical properties 
and the protein content of rubber latex. Weber! and Freundlich and Hauser? 
suggested that the rubber globules in latex were coated with protein and that this 
protective layer influenced the coagulation of the latex?. Knowledge regarding 
the nature and composition of the protein(s) of latex, however, is still incomplete 
and, with the exception of the work of Belgrave* and Bishop®, and the early 
work of Frank®, there have been no detailed accounts of the isolation and differ- 
entiation of the individual proteins. 7 

Some attention must be given to the works of Belgrave and of Bishop because, 
apart from qualitative tests mentioned in other papers, they are the only workers 
who have attempted to elucidate the chemical composition of the proteins of 
latex. Thus Belgrave* obtained a single product by a method involving the use 
of alcohol as a rubber precipitant, while Bishop isolated three products, A, B and 
C, from-serum obtained by the freezing of fresh latex. The results, obtained by 
the indirect method of Van Slyke, are given in Table I. 


TaBLe I 


VaLuES Quotep ARE IN PERCENTAGE OF ToTAL ProTern-N 
Bishop 
A. 


“A (acid) B (NaCl) O (heat) 
Ammonia-N ; 5.65 5.0 
Humin-N ; 0.45 0.14 
Diamino-N : 22.6 t 10.0 
Non-basic-N 56.9 ; 83.4 


85.6 98.5 





Belgrave 
I 


It can be seen that none of Bishop’s results agrees with those of Belgrave, 
nor would it appear that any combination of them would agree. 

The results obtained by Belgrave are of particular interest. From 11 liters of 
latex (D.R.C. 38-40%) he isolated 8. grams of protein (N, 11.6%). This is 
equivalent to 1.5 gram of protein (N, 15%) per kg. of dry weight (total solids 
approx. 40%), which amount corresponds very closely to that isolated, under 
the best conditions, by the present author. Moreover, recent work by Miller’ 
and by Tristram® has shown that the Van Slyke method gives values for basic 
nitrogen which may be misleading, and on these grounds the diamino-nitrogen 
of 34.6% reported by Belgrave might well represent a true basic nitrogen of ap- 
proximately 20%, a value found by direct analysis in the present work. Table II 
shows the comparison between the two products. 

Apart from a recent paper by Midgeley, Henne and Renoll®, little is known 
of the amino-acid composition of the proteins of latex, and these workers do not 
mention the amounts of the various amino-acids found in the protein analyzed. 
The product isolated by them from rubber by fractionation with organic solvents 


* Reprinted from The Biochemical Journal, Vol. 34, No. 3, pages 301-306, March 1940. 
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contained 12.5% nitrogen, and they obtained evidence of the presence of glycine, 
“aspartic acid, leucine, proline, arginine, histidine and lysine; while cystine, 
tyrosine and glutamic acid were reported as being definitely absent. Such an 
analysis cannot be regarded as satisfactory, and it was decided that a more de- 
tailed study of the amino-acid composition might furnish valuable data. on the 
products likely to result from degradation of the protein during various technical 
processes. At the same time it was hoped that comparative analyses might indi- 
cate how many proteins exist in latex. 


Tas_e IT 


Belgrave Author 
ieee Heh Be (PRBRE) is 65 oaic cide csieina ani 15g. 1.0-1.5¢. 
Total N (%) ; 14.95 
Humin-N (% of total N) } 3.03 
Basic-N (% of total N) i 20.0 
Ammonia-N (% of total N) : 7.1 


EXPERIMENTAL 


The chief difficulty with regard to the preparation of one, or perhaps more 
than one, protein from latex lay in the fact that fresh latex itself was not avail- 
able and, after experiments with various preserved products, it was ultimately 
decided to use air-dried films, prepared in Malaya from fresh latex, as the 
starting material. It was realized that drying may have caused some de- 
naturation, but whatever the change it should not have affected the amino-acid 
composition of the protein(s). 

The method employed was to extract the film with a borate buffer, pH 9.2. 
The dried latex was shredded into thin strips and extracted for 12 hours (in- 
cluding 3 hours at 50°) with 0.024M sodium diborate’®, to which were added 
0.4 vol. of alcohol and 0.1 vol. of ether. The extract was filtered through paper 
pulp with a top layer of silica gel (B.D.H. Hyflo Super Cel), and the protein 
coagulated by acidifying to pH 4.5-5.0 with 10% acetic acid. The yield was 
found to be very variable. 

In one experiment approximately 24% of the total nitrogen of the dried latex 
was extracted and, of this amount, about 30% was precipitated as protein- 
nitrogen, corresponding to 1.2-1.9 gram of protein per kg. of dried latex. An 
attempt was made to obtain increased yields of protein by repetition of the 
borate treatment after reshredding the extracted strips on smooth rolls. Much 
nitrogenous material was thus obtained in solution, but the amount of protein 
therein was negligible. Whether any protein was rendered unavailable by this 
latter treatment is uncertain, but it is known that mastication does, in fact, 
produce a change in the protein, and it may be that all, or part, of that which 
remained in the films was denatured on the rolls and could not, in consequence, 
be extracted by the borate buffer, which, according to J. W. H. Lugg (private 
communication), will not extract denatured protein. Various other media were 
tried, including solutions of LiCl, NaCl, Na,SO, and (NH,),SO,, but none of 
these extracted any protein. 

The protein obtained was perfectly white while wet, but on removing water 
by means of alcohol it darkened somewhat to a buff powder. The isoelectric 
point was not determined accurately, but flocculation from borate solution 
occurred between pH 4.5 and 5.0. The undehydrated product was soluble in 
dilute NaOH (pH 8.5), and was precipitated from such a solution by nearly 
complete saturation with NaCl (the precipitate did not redissolve on dilution), 
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and by one-third saturation with (NH,),SO,. (Bondy and Freundlich® isolated 
from ammoniated latex a protein which was precipitated from solution by one- 
third saturation with (NH,),SO,.) 


SurFAcE FILms 


A sample of protein which had not been extracted with alcohol and ether 
was dissolved in 0.05 N NaOH and diluted with borax to make an approximately 
0.01% solution of pH 8.5. This solution was spread on phosphate buffer (pH 7.0), 
and examined by means of a Langmuir-Adam surface pressure balance. On 
compression the pressure became measurable at a surface concentration of 
approximately 0.4x10-7 gram of protein per sq. cm., and rose steadily 
to reach a value of 14 dynes per cm. at a concentration of approximately, 
0.8x10-* g. per sq. em. The film was liquid throughout. The areas ob- 
served are much smaller than those normally found for proteins'?, and 
furthermore all proteins hitherto examined have given gel films on compression. 
The behavior found here is typical of mixed films of protein and fat, and 
further examination showed that considerable amounts of lipin could be ex- 
tracted from the protein by means of alcohol and ether. When this had been 
done, the protein could no longer be spread on phosphate buffer (pH 7.0) from 
borax solution. A 0.05 N NaOH solution was therefore diluted with 20 volumes 
of 75% ethyl alcohol to make an approximately 0.01% solution, from which 
films could readily be spread. The limiting surface concentration at which the 
pressure was first measurable was about 1.0x10-7 g. per sq. em., and the 
pressure rose to 10 dynes per cm. at 1.8x 10-7 g. per sq. cm., while gelation was 
observed at a pressure of 2 dynes per cm. These observations bring the latex 
protein into line with proteins previously studied. 

Since both the lipin and protein had been extracted from the latex by what 
was essentially an aqueous solvent, it was thought that the lipin might contain 
phosphatide. Analysis showed, however, that it contained no more than a trace 
of P and that it consisted largely of glyceride. In one particular experiment a 
erude product gave 2.9 grams of lipin and 1.50 gram of protein. The lipin gave 
the following analysis: 


P 
Glycerides 91.65% (fat acids 87.7%) ‘ 
Unsaponifiable matter 7.14% (81.4% precipitated as digitonide) 


Total recovered 


HoMocENEITY OF THE VARIOUS SAMPLES OF PROTEIN 


As stated above, the yield of protein varied widely, on occasions being as 
high as 1.9 gram per kg. of dried latex; and in all 11.36 grams (after thorough 
extraction with alcohol and ether) were obtained from 9 kg. of dried latex. In 
view of the large variation in yield, it was necessary to check the homogeneity 
of the products obtained from the different samples of dried latex. Lugg*? ?* 
states that the tyrosine content of a protein may be estimated with a fair degree 
of accuracy (2%), and estimations of this amino-acid were accordingly carried 
out on the first sample of protein (0.5 gram) and on the bulk sample (11.36 
grams) with the following results: 


Total wt. Total N Tyrosine Tryptophan 
(%) (%) (%) 


14.9 6.40 1.25 
15.0 6.40 1.35 
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These values suggest that the various samples of protein were of the same 
composition. 


ANALYSIS OF THE PROTEIN 


The protein was analyzed for the nine more important amino-acids, viz., tyro- 
sine, tryptophan, cystine, methionine, arginine, histidine, lysine, glutamic acid 
and aspartic acid, and also for amide-nitrogen by micro and semimicro methods 
which have been repeatedly checked, using standard proteins, by workers in 
this laboratory. 

Amide-Nitrogen.—The protein was hydrolyzed for 3 hours with 2N HCl, and 
the liberated ammonia was estimated by (Kjeldahl) distillation into standard 
acid. 

Tyrosine and Tryptophan.—Triplicate estimations were carried out using the 
colorimetric method of Lugg!?: 1%. 

Total Sulfur —The method used was the alkali-fusion recommended. by Bailey’® 
and Lugg’®. 


Taste III 
ANALYSIS OF CASEIN 


Wt. of Glutamic . Aspartic 
protein acid acid 
Method (g.) (%) (%) 


Macro (Foreman) 21.0 6.2 
Micro modification . 18.7 5.76 
19.1 5.76 


Percentage recovery 90.4 93.0 


Arginine Lysine 
(%) (%) 
3.76 6.02 
The same, applied to dicarboxylic acid 
filtrate 2. 3.84 5.93 


Percentage recovery, approx : 100 


Cystine and Methionine—These were estimated by Baernstein’s method as 
modified by Lugg?*. 

Basic Amino-Acids.—(Single determination.) These were estimated by Block’s 
method** as modified by Tristram’. 

Dicarboxylic and Basic Amino-Acids—The modification of the original Fore- 
man method!* used in this laboratory’® requires 20-50 grams of protein but, 
owing to lack of material, it was necessary to carry out the estimation on no more 
than 4.0 grams of protein. Trial experiments carried out on casein showed that, 
using 2.5 grams of protein, approximately 90% of the glutamic and aspartic acids 
were recovered as hydrochloride and copper salt, respectively, and that arginine 
and lysine could be accurately estimated in the filtrate from the alcoholic 
precipitation of the calcium salts (Table III). 

The technique was applied to the rubber protein, and the values obtained for 
the dicarboxylic acids (Table IV) were given a correction which assumed that 
the recovery observed was the same as in the case of casein. The results of 
these analyses are given in Table IV; for the purpose of comparison, the limiting 
values for leaf proteins analyzed by similar methods‘’ have been included. 
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TABLE IV 


ANALYSIS OF LATEX PROTEIN 


Protein of Hevea latex Various leaf 
r A ~\ proteins 
N of amino-acid Amino-acid as Amino-acid as 
in % total % protein % protein 
protein-N (N=17% ¢) (N=17%) 


Ammonia 1.46 0.97— 1.17 
Arginine : 6.90 7.1 - 82 





5.68 46 - 62 


Histidine : 0.63 1.0 - 16 
Glutamic acid i 13.68 11.4 -14.0 
Aspartic acid ’ 10.5 79 - 88 
RG oa moss ok hone en aceecc ; 7.24 48 - 6.1 
Tryptophan i 1.49 2.1 - 24 
Methionine ; 1.12 2.2 — 2.7 
Cystine h 1.02 14 - 22 


Total accounted for r 49.72 
% Total N in product analyzed § — 128 -— 15.0 
Total S 


* Estimation carried out on the filtrate from the Ca salts of the dicarboxylic acids. 
{ The N content of the latex protein has been taken as 17% for the purpose of comparison with the 
leaf proteins*’. 


DISCUSSION 


The nine amino-acids estimated represent 47.4% of the total nitrogen. Since 
great difficulty was experienced in the estimation of cystine and methionine, the 
values for these amino-acids must be regarded as minimal only. 

It can be seen from Table IV that the protein has many points of resemblance 
with those of typical leaf proteins; this is particularly marked in the case of 
the diamino-acids and the dicarboxylic acids, and the similarity suggests that 
there may be some relationship between the proteins in the leaves and in the 
latex of Hevea brasiliensis. Samples of protein have now been isolated from the 
leaves of H. brasiliensis, and it is hoped to make comparative analyses in the 
near future. 

Midgeley, Henne and Renoll® stated that the protein present in rubber did not 
contain cystine, tyrosine and glutamic acid. The protein analyzed by the author, 
however, contained 12% glutamic acid, 6.4% tyrosine and at least 1.0% cystine 
(calculated as amino-acids on the protein). It is realized, however, that the two 
proteins in question may not be identical, since it is not claimed that the 
protein isolated by the extraction of dried latex with borate buffer represents 
the whole of the protein in latex. Further investigation is accordingly in progress 
to find what relation the protein so far isolated bears to the whole protein(s) of 
latex. It has often been stated!® that latex contains two proteins, and that on 
coagulation one of these (A) remains in the serum, while the other (B) is be- 
lieved to be adsorbed on the precipitated rubber. If this theory be correct 
then dried latex will contain both A and B, and borate buffer might be expected 
to extract A preferentially. Crepe rubber on the other hand should contain B 
only. Preparations of protein from both these products are now being made by 
the method of Midgeley, Henne and Renoll to test this supposition by compara- 
tive amino-acid ‘analysis. 
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SUMMARY 


A protein has been isolated from dried Hevea latex and analyzed for amido- 
nitrogen, tyrosine, tryptophan, cree, methionine, the basic amino-acids and 
the dicarboxylic acids. 

The dicarboxylic acids were estimated in 4.0 grams of protein, experiments on 
casein having shown that, under such conditions, approximately 90% of the 
glutamic acid and aspartic acid was recovered as crystalline derivatives. It 
was also found possible to estimate arginine and lysine in the filtrate from the 
calcium salts of the dicarboxylic acids. 

The protein is, in many respects, similar to the proteins found in leaves of 
other plants (Table IV). 

Further work is in progress to investigate the relationship of the isolated 
protein to the total protein of latex. 


The author wishes to thank Prof. A. C. Chibnall, who was responsible for direct- 
ing the course of the research, and whose advice and criticism have proved 
invaluable, and Dr. G. Gee for kindly carrying out the surface film measurements. 

The above work has been carried out as part of the program of fundamental 
research on rubber undertaken by the Board of the British Rubber Producers’ 
Research Association. 
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THE DIALYSIS OF LATEX AND THE 
PROPERTIES OF DIALYZED LATEX * 


G. E. Van Gits 


PROEFSTATION, BUITENZORG, WEST JAVA 


I. INTRODUCTION 


Since the dialysis of latex is becoming more and more important, a brief 
sketch will be given here of the principle on which the process is based, together 
with some information on the properties of dialyzed latex. 

Whereas, in the beginning, dialysis was carried out only in the laboratory, the 
process has slowly acquired more significance in practice. Moreover, as applied 
to latex, dialysis hag proved useful not only for physicochemical investigation 
of the product but also, among other uses, as an important aid in preparing 
special latexes. 


II. PRINCIPLE OF THE DIALYSIS PROCESS 


The substance to be dialyzed is placed in a container having semipermeable 
walls, i.e., walls which pass only particles of molecular magnitude (a few A units), 
while particles of colloidal dimensions (50 microns or larger) cannot pass through 
the wall (membrane). To carry away the substance which passes through the 
membrane, a current of running water is maintained on the outside (Figure 1). 


water outlet 


Dialyzer bag 


water inlet 


Fie. 1.—Dialysis of colloids in a collodium bag. 


Formerly animal bladders, collodion films and parchment were the principal 
substances used for membranes. At present, however, these have been almost 
entirely replaced by Cellophane and similar materials, which can be supplied 
by modern chemical industry in a wide variety of grades and forms. 

Such a Cellophane membrane can be best visualized as a three-dimensional 
network of cellulose molecules (Figure 2). 

* Translated by Julian F. Smith for Rusper Cuemistry aND TECHNOLOGY from Mededeeling No. 18 


van de Afdeeling Rubber Research van het Proefstation West Java, Buitenzorg, Java. Also published 
in Archief voor de Rubbercultuur, Vol. 24, No. 2, pages 74-97 (1940). 
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The dialysis process may be considered primarily as a sieve effect. 

Large colloidal particles are held back, while the much smaller molecules can 
and do pass through pores in the network by reason of their molecular motion. 
It is also evident that smaller molecules pass through the membrane faster than 
larger molecules, while at the same time the rate of dialysis depends on the con- 
centration gradient from the inside to the outside of the membrane, on the sur- 
face area and thickness of the membrane, and on the cross-sectional area of the 
pores. 

Aside from the sieve effect, however, there are other for¢es which influence 
passage through the membrane. These are electrical in nature. 

This means that the membrane and also its pores are electrically charged 
(usually negatively), as is every surface in contact with an aqueous solution. 
As a result the membrane offers different permeabilities to positive and negative 
ions. 


7G 
Q 
molecules—" 


Colloidal particles 


ee ee” 
colloidal membrane water 
solution 


Fig. 2.—Representation of the mechanism of dialysis. 


Moreover, the ions themselves differ in mobility, and these differences appear 
on a magnified scale in the rates of dialysis. 

Clearly, however, faster dialysis, e.g., of positive ions, brings about directly a 
potential difference, which in turn accelerates the dialysis of negative ions. 

In the final calculation, the dialyzed electrical charges neutralize each other 
completely. 

Another important complication is introduced by the fact that even colloidal 
particles are electrically charged and that this charge must always be equalized 
by its equivalent in oppositely charged ions, the socalled counter ions. These 
counter ions can not dialyze away. At most they can only be replaced by an 
equivalent quantity of other ions. 

Not all the phenomena which occur at the membrane are included in this list. 
The mechanism of membrane action is extremely complicated, and some of its 
features are still being investigated. 

For example, an effect which has not yet been fully explained is paste forma- 
tion, or the deposition of colloids on the inner face of the membrane, which 
sometimes can be very troublesome. 
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It should be noted that the concentration gradient from the inside to the 
outside of the membrane sets up a difference in osmotic pressure which enables 
water to diffuse through the membrane from outside to inside. Of course this 
pressure is less at the end of dialysis than at the beginning; nevertheless con- 
siderable dilution of the colloid often takes place. Osmotic pressure is always 
governed wholly by molecules and ions. Colloid particles are proportionately 
too few in number to exert any noticeable effect. 

True, it is possible, by applying counter pressure (hydrostatic or air pressure), 
to prevent dilution of the colloid, but this enormously complicates the dialyzer. 

In principle, the same phenomena occur in dialyzing latex as in dialyzing 
other colloids. Rubber particles, socalled resin particles, serum proteins, and 
last but not least the counter ions, required by all these particles are not di- 
alyzable. Considering the high concentration of colloidal particles, these counter 
ions must be present in substantial quantity. When ammoniated latex is dialyzed 
and ammonia is added at intervals during dialysis, the NH, ions are certain 
to take the place of the original counter ions. 

Thus the ash content of latex can be made lower than by dialyzing latex which 
is not ammoniated or which contains sodium hydroxide. Hence the use of 
ammonia has still another advantage besides its preservative action. 


III. PROCEDURE 


If rapid dialysis is to be effected, the dialyzer must be constructed with the 
following principles in mind: 

-1. Large dialysis surface. 

2. Keeping the dialysis liquid in motion. 

3. Regular replenishment of dialysis water and use of the purest possible water. 

4. A fast dialyzing membrane. 

Moreover, elevated temperature considerably accelerates dialysis, since heat 
increases particle mobility and so permits faster passage through the membrane. 

To obtain a large dialysis surface in proportion to the amount of dialysis 
material, a system has frequently been chosen in which flat compartments, 
separated from each other by Cellophane membranes, are alternately filled with 
water and with colloid. 

Since special Cellophane dialysis bags are commercially available at present, 
it is advantageous to employ them. 

Thus at the West Java Experiment Station, we constructed a 1-liter dialyzer 
for latex (Figure 3). 

For larger quantities, we have a similar dialyzer but equipped with seven bags 
side by side. 

This dialyzer comprises a Cellophane bag (made by Kalle A.-G. in Wiesbaden) 
50 cm. long and 6.5 cm. in diameter, carried by a glass cylinder bearing a side 
arm, over which a rubber tube can be fitted. 

At the bottom the bag is closed and weighted with a lead disk. Watertight 
sealing of Cellophane to glass or lead is easily accomplished with a rubber band 
(a piece of inner tube) tied fast with a cord. To prevent the cord from slipping 
off, the glass cylinder has a collar at the bottom and the lead disk is grooved 
around its circumference. 

The Cellophane bag is placed in a large glass cylinder through which water 
flows constantly. A spiral glass stirrer may be rotated inside the bag. 

When the bag contains too little liquid, it is compressed under hydrostatic 
pressure so that the stirrer cannot operate. 
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As long as the electrolyte concentration in the inner liquid is high, a continu- 
ous stream of water passes inward from outside, as already stated. If too much 
liquid enters the bag it overflows through the side arm and rubber tube to the 
outside, and can be collected in a separate container. 

For large scale dialysis a continuous flow process is preferable. Long Cello- 
phane bags are particularly well adapted to this purpose. Stirring of the latex is 
then omitted. It is advisable, however, to construct the dialyzer in such a way 
that pieces of coagulum forming during dialysis can be readily removed. 


stirrer 


Ay 


overflow 
<—;Cellophane bag 


glass cylinder— 


Cellophane 


rubber 








WZZiia=—\—\ead disk 


Fig. 3.—Dialyzing apparatus. 














The outer liquid may be in most cases tap water or well water with low ash 
content. 


IV. DIALYSIS OF KCl SOLUTIONS 


To gain some information as to speed of dialysis, the dialyzer is filled with 
about 0.8 N KCl, and the drop in concentration is measured conductometrically. 

It is clear from these figures that in the first case dialysis was somewhat faster, 
and the conductivity corresponding to 0.01 N concentration was reached in only 
about 12 hours, whereas in the second case this required about 15 hours, although 
the initial concentration was lower. 

The course of change is evident when it is considered that theoretically the 
logarithm of the concentration and hence also the approximate conductivity 
decrease in proportion to time. 

Thus for a given case we have the equation: 


—dc/dt=ke 
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in which k is a definite constant independent of the apparatus, and c is the 
concentration at a given time. 


dt=—1/k- dc/c 
On integrating we have: 


t.—t,=1/k(1n-c,—I1nc,) or: 
Cy —Co= ek lle ty) 


TEST 1 
TABLE I 
DIALysis WITH A New CELLOPHANE Bac 


Resistance at 
Hours 28° C (ohms) Conductivity 


6.94 88.0 x 10° 
11.13 54.7 x 10° 
16.35 373 xX 10° 
32.67 18.2 x 10° 
1857 0.33 x 10° 


TEST 2 
TaB_eE II 


DIALYSIS WITH A CELLOPHANE Bac Usep 5 T1imMes For Latex 
DIALYsIs 


Resistance at 
Hours 28° C (ohms) Conductivity 
0 8.50 71.7 x 10° 
1.1/6 11.53 529 x 10° 
2.1/6 15.30 398 x 10° 
3 21.28 286 x 10° 
4.5/6 37.52 163 x 10" 
6.1/6 . 108 x 10° 
7.1/2 ; 7.85 < 10° 
9.2/3 . 442 x 10° 
27 0.39 x 10° 


V. DIALYSIS OF LATEX 


In dialyzing an unstable substance such as latex, care must be taken that 
no coagulation can occur during dialysis. Since ammonia is still the best pre- 
servative and also has the advantages set forth in Section I, it is best to keep the 
concentration of ammonia up during dialysis. 

The ideal situation would be if the requisite ammonia could be added to the 
dialysis water. This involves practical difficulties, however, especially since a 
stream of running water must be maintained outside the membrane for the sake 
of rapid dialysis. For this reason we usually did not dialyze with distilled water. 
The tap water available was quite pure (total hardness 2.1 (German degrees), 
ignition residue 105 mg. per liter), so that it sufficed for most of the tests. 

Usually latex ammoniated with about 5 grams of ammonia per liter was 
used. After 1 to 12 hours, the concentration of ammonia became so low that 
litmus paper was barely colored a pale blue. Our practice was to begin dialysis 
as early in the morning as possible. The first addition of ammonia was made 
about 4 P.M. (20 ce. of 20% NH,OH) and the second addition about 9 P. M. 
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Usually the latex was still faintly alkaline the next morning. If further dialysis 
was necessary, more ammonia could be added. Conductometric control of the 
progress of dialysis was in this case made difficult by the fact that the addition 
of ammonia at intervals greatly increases the conductivity. To some extent this 
difficulty can be overcome by making measurements always at a time when 
the concentration of ammonia is very low. This can be ascertained by estimating 
the pH value with a test paper. After making the measurement, ammonia is 
added and dialysis is continued. 


Tas.p III 
CHANGE or Conpuctivity By DIALYSIS 


Conductivity Remarks 

49 x 10° Ammoniated latex 

3.1 x 10° Latex still alkaline 

20 x 10° Measured reaction, faintly alkaline, 20 cc. NH; added 
0.89 x 10° Measured reaction, faintly alkaline, 20 cc. NH; added 
0.63 x 10° Measured reaction, faintly alkaline, 25 cc. NH; added 
0.34 x 10° Measured reaction, faintly alkaline, 20 cc. NH; added 
0.31 « 10° Reaction neutral 


Constant flow of water through the membrane from the outside to the in- 
side decreases progressively the dry rubber content of latex during dialysis. 
As observed in our measurements, to be reported at the same time in this 
journal, a decrease in the dry rubber content causes an increase in conductivity. 
This is another reason why it is difficult to interpret conductometric data on the 
progress of dialysis. 


Tas_e IV 


CHANGES IN Conbuctiviry, Dry Russer Content AND AMMONIA CONTENT BY 
DIALysis 


(Initial latex A 5430; DRC 37.1%; TS 39.43%; NH: 7.32 g. per liter) 


NH; grams DRC 

Hours per liter % Conductivity Remarks 

0 7.32 37.1 5.66 < 10° 

1 5.64 35.2 5.43 < 10° Dialysis continued without adding 

3 
64 1.52 29.8 2.91 x 10° Dialysis continued 
12} 0.62 27.3 1.06 « 10° 30 cc. NH; solution added after the 
measurement 
243 0.42 24.7 0.45 « 10° Ws continued without adding 


283 0.45 24.5 04810 30 cc. NH; solution added after the 
measurement 
474 0.37 22.1 0.34 « 10°° Dialysis finished 


At the end of dialysis the total solids content was 22.36, and the pH content 
in the latex was 6.5. 

Inward passage of water through the membrane can be prevented or even 
reversed in the following ways: 

1. By applying hydrostatic counter-pressure to the latex (Stevens, Deyer 
and Rowe?’). 

2. By adding a colloid such as gelatin, casein or gum arabic to the dialysis 
water (Holland Patent Application 71,593). 
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The first case needs no explanation. In the second case the outer colloid (to- 
gether with counter ions) is in competition with the inner latex as concerns 
fixation of water. 

From Table IV it may be concluded that after about 24 hours dialysis may be 
considered complete. If a still greater purification effect is desired, it is best 
to stop the tap water dialysis after 24 hours and to continue with distilled water 
(the ash content of the tap water used in this case was 120 mg. per liter). 

Determination of the ash offers another means for analytical control of di- 
alysis. From this it appears that the ash content has already reached its 
minimum after 24 hours. 

TABLE V 
CHANGE IN ToraL Sotips AND AsH CoNnTENTS IN DIALYsIS 

TS Ash per Ash per 
% 100 TS 100 latex 

A. Before dialysis f 2.13 0.71 
After 24 hour dialysis j 0.21 0.050 
After 48 hour dialysis.............. 20.8 0.36 0.075 
After 72 hour dialysis.............. 19.7 0.37 0.074 

B. Before dialysis 35.6 1.32 0.47 
After 24 hour dialysis.............. 18.6 0.31 0.058 
After 46 hour dialy : 0.36 0.061 

C. Before dialysis j 1.82 0.68 
After 24 hour dialysis / 0.35 0.080 


It should be kept in mind that latex always contains insoluble magnesium 
ammonium phosphate as a result of ammoniation, and of course this compound 
is not dialyzable. Although the latex is stirred each time before sampling, it 


is still possible that more of the solid component is taken up in one sample 
than in another. 

A much lower ash content is found in crepe prepared by acid coagulation 
of dialyzed latex. 


VI. PROPERTIES AND DIFFERENCES OF DIALYZED AND 
UNDIALYZED LATEX 


(See also Stevens and Rowe *) 


Differences in ash content have already been mentioned. 

Aside from the inorganic components, latex also contains dialyzable organic 
nonrubber components. 

Their removal is recognizable by a decrease in the difference between the dry 
rubber content and total solids content. 

Removal of nitrogenous compounds lowers the nitrogen content. Usually the 
decrease is not large, since most of the nitrogenous compounds, 7.e., the proteins, 
are not dialyzable. 

Beadle and Stevens? state that 20 to 25 per cent of the nitrogen in latex is 
removed. The difference from our results is probably due to the fact that 
these European investigators made their tests with a very old latex in which 
the protein was already partly hydrolyzed. 

On the other hand Stevens and Rowe® obtained results more in agreement 
with ours. 

When the outer water is not replenished in dialysis it is found to be colored 
distinctly yellow. Hence serum contains a dialyzable yellow or brown substance. 
In agreement with this, it is observed in creaming tests that the serum of di- 
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alyzed latex is much paler in color and may even be water-white, whereas 
ordinary latex serum is always colored. 

When sheets are made by drying dialyzed latex on horizontal glass plates, 
they are much paler in color and are much more transparent than sheets made 
from undialyzed latex. 

Dialyzed latex without ammonia is quite as sensitive to spoilage as ordinary 
latex, but does not develop such a foul odor when it spoils. 

For creaming dialyzed latex, reference is made to our previous paper in this 
journal’, 

For changing the pH value by adding alkali and ammonia, we also refer to the 
same paper (Figures 14 and 15). From this it is evident that a given quantity 
of sodium hydroxide or ammonia gives a higher pH value in dialyzed than in 
ordinary latex, because the weak acids which act as buffers are absent. 

Similarly it may be expected that on adding hydrochloric acid or formic acid, 
a lower pH value will be obtained in dialyzed than in ordinary latex. It appears 
that this is actually the case. 


TABLE VI 


Decrease oF NoNRUBBER CONSTITUENTS ON DIALYSIS 

TS Ts— (N/100) 
% TS—DRC (DRC/100) TS TS 
41.5 29 : 0.75 
28.9 0.5 : 0.54 
34.7 3.1 . 0.85 
22.3 : : 0.72 
40.0 B ; * 
27.2 5 ‘ * 
38.3 : : 0.70 
25.7 y y 0.60 


74 4 

83 ; 34.6 ; : 0.79 
83 Dialyzed 24 hours : 18.6 . ; 0.62 
83 Dialyzed 48 hours 5 16.9 } b 0.63 


* Not estimated. 


The test is carried out as follows: i 

In each of a series of small beakers, 40 cc. latex is rapidly stirred with 10 ce. 
of acid of various concentrations. In the mixtures which do not coagulate, the 
pH value is measured with a glass electrode. It is evident that, because of co- 
agulation, only part of the curve can be plotted. 

For ordinary latex and formic acid, the measurable portion is very small, 
but yet large enough to give some idea as to the position of the entire curve 
(see Figure 4). 

The coagulation limit is taken as the solution which has barely escaped co- 
agulation after standing 2 hours. 

The dialyzed latex employed in these tests had a dry rubber content of 32.3 
per cent, and was used for measurements directly after dialysis without adding 
ammonia. Undialyzed latex, tapped the same morning, was not ammoniated and 
had a dry rubber content of 35 per cent. 

Although our intention was to investigate coagulation phenomena more thor- 
oughly, we may draw these conclusions from the preliminary tests: 

1. The pH:acid curve is at different levels for dialyzed and ordinary latex. 
This had already been observed for pH: alkali curves. 

2. The first coagulation range for dialyzed latex is between pH 3.9 and 5.1. 

3.The upper coagulation limit for ordinary latex is at pH 5.6. We did not 
determine the lower coagulation limit, but according to van Harpen‘ it is at 
pH 3.5 for latex at a dilution of 1:9. 
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-— - — — Coagulation limit, ordinary latex 
coagulation limit, dialyzed latex 


dialyzed latex + HCOOH 


| 
dialyzed latex + HCI 
3 10 








20 


15 
milliequiv. acid per 100 c.c. of mixture 


Fic. 4—Change of the pH of dialyzed and ordinary latex on addition of acids. 


Electrokinetic 
potential 











Fie. 5.—Electrokinetic potential as a function of pH. 
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In one of our first experiments yielding dialyzed latex, we found to our great 
astonishment, on attempting to coagulate the latex for a determination of the 
dry rubber content, that it did not coagulate. Coagulation occurred when a few 
ec, of sodium chloride solution, potassium chloride solution or ethyl alcohol was 
added with the acid. 

In view of our latest experiments, this peculiar behavior becomes perfectly 
clear. This is the position of the pH:acid curve, and the narrow coagulation 
range brings dialyzed latex very quickly into the second liquid range. It may 
be seen from Figure 5 that dialyzed latex can be coagulated with concentrations 
of formic acid between 0.6 and 2.4 milliequivalents per 100 cc. of mixture and 
with concentrations of hydrochloric acid between 0.6 and 1.2 milliequivalents 
per 100 cc. These figures are quite close together. 

In ordinary latex, most of the pH: acid curve is in the first coagulation range, 
which moreover is much wider here. Ordinary undiluted latex is not carried 
into the second liquid range by formic acid. 

How is it then that dialyzed latex in the second liquid range can be coagulated 
with salts? 

To answer this question, we repeated the above tests but with the addition 
of 4 and 8 milliequivalents, respectively, of sodium chloride per 100 cc. of mix- 
ture. This did not change the pH: acid curve, but it did change the coagulation 
limits. 


Taste VIA 
CHANGING CoaGuLATION LIMITS WITH SALTS 


Upper coagulation Lower coagulation 
limit (end of (beginning of 
first liquid range) second range) 
pH pH 
Dialyzed latex , 3.9 
Dialyzed latex + 4 milliequiv. NaCl 5.2 3.3 
Dialyzed latex +- 8 milliequiv. NaCl 5.3 (approx.) 2.3 


These results are shown in Table VIa. 

The change in the coagulation limit for the second coagulation range could not 
be determined with certainty. 

It is evident that the addition of salts widens the coagulation ranges, in fact 
so much so that with 8 milliequivalents of sodium chloride per 100 cc. of mix- 
ture, almost the entire pH: formic acid curve lies within the first coagulation 
range. 


THEORETICAL CONSIDERATIONS 


Although we shall return later to coagulation phenomena, we must not neglect 
here to present some colloid chemical considerations concerning the phenomena 
just described, especially since they may provide a guiding principle for further 
investigation. 

It is probably agreed now that the charge on rubber particles depends pri- 
marily on the pH value of the medium and secondarily on the concentration of 
salt. 

We do not, however, have any quantitative data on this point. On the basis 
of latex behavior, and by analogy with previous observations on other ampho- 
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teric colloids, it is now considered that the relation between pH and electric 
potential is represented by curve A in Figure 5. 

On the alkaline side the latex particles are negative. At a definite pH, which 
in all probability is approximately 4.5, the potential is zero (isoelectric point), 
and at lower pH limits the potential is positive. This potential, however, passes 
through a maximum and then becomes smaller again. 

For the sake of simplicity we assume according to Powis® that there is a definite 
critical potential above which the colloid is stable and below which flocculation 
and coagulation occur. 

There is a critical potential for the positive as well as for the negative part 
of the curve. It is evident that the first coagulation range is bounded by the 
intersection points P, and Q,, and that the beginning of the second coagula- 
tion range is governed by R,. 

How will the pH: potential curve appear when salts are present? It is known 
that salts lower the potential, so it may be assumed that the pH: potential 
curve will then be given by line B, and the still higher salt concentration by 
line C (leaving out of consideration any change in isoelectric point caused 
by salts). 

In case B the coagulation limits are determined by points Q,; P, and Rg. 
Thus the coagulation ranges have become wider. In case C the latex itself has 
ceased to be stable at all in the acid range. 

We are aware that the above considerations are highly speculative and must 
be confirmed or amended by further experiments. 


VII. PASTE FORMATION ON THE MEMBRANE 


When the Cellophane bag is emptied after several hours of dialysis, it is 
found that a very thin layer of latex paste is deposited on the inner surface of 
the membrane. This paste is clearly visible at the beginning of dialysis, espe- 
cially if stirring is stopped. At the end of the dialysis process, paste deposition 
is no longer discernible. Apparently it depends on the salt concentration gradient 
from the inside to the outside of the membrane. 

As may be readily understood, this paste deposition hinders dialysis. For this 
reason we made the stirrer in a shape (spiral) so that it scraped a large part 
of the membrane surface as it rotated. 

In the Stevens, Deyer and Rowe! dialysis method, inward diffusion of water 
through the membrane from the outside can be diminished or even entirely 
prevented by applying counter pressure. This, however, greatly facilitates paste 
deposition. 

Stevens, Deyer and Rowe studied paste deposition more in detail, including 
the influence of substances added to the latex. 

It is evident that these phenomena can be extended further. Dialysis proc- 
esses, coupled with concentration of colloids on the cell walls, are constantly oc- 
curring in living plant and animal cells. 

At present our knowledge of this subject is too slight to enable us to offer 
any explanation. We must, however, disagree with the concept offered by 
Stevens and his collaborators: 

“During dialysis there is a concentration gradient of solute from the center 
of the cell to the membrane, so that the rubber particles will be subjected to a 
greater bombardment from the inside of the cell than from the outside, and the 
resultant pressure will impel them towards the membrane”. 

In our opinion electrical forces are involved here. That is, it has been observed 
that the inner liquid (latex) clearly shows a negative potential with respect to 
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the outer liquid. This potential can be easily measured by connecting the inner 
and outer liquids through two KCl:agar siphons to two similar calomel elec- 
trodes and determining potential difference in the familiar way with a Poggendorf 
compensation setup. Ordinary ammoniated latex was employed with tap water 
as the first outer liquid, followed by 0.5 N ammonium hydroxide and then by 
N ammonium hydroxide solution. 
Milli- 
equiv. 
Latex: tap water 
Latex: NH.OH (05 N) 
Latex: NH,OH (N) 


From this we conclude first that latex is negatively charged with respect to 
the outer liquid and, second, that the potential difference falls in proportion as 
the ammonium hydroxide concentration gradient between the inner and outer 
liquids becomes smaller. 

If the whole system is then allowed to stand without replenishing, the outer 
liquid the electrolyte concentrations inside and outside the membrane are slowly 
equalized, and this is accompanied by a decrease in potential difference between 
the inner and outer liquids. Finally the potential difference reaches a constant 
level at a few millivolts. Whether this small potential difference is to be at- 
tributed to imperfect. equalization of electrolyte concentrations inside and out- 
side the membrane, or to some other cause, we do not know. 

From this test, however, it is perfectly evident that the inner liquid has a 
negative potential with respect to the outer liquid, and that the potential dif- 
ference decreases whenever the electrolyte concentration gradient decreases. This 
potential difference in all probability is responsible for paste deposition on the 
membrane. Perhaps this may be conceived as resulting from pressure whereby 
the positively charged outer liquid forces the negatively charged rubber particles 
against the membrane. 


VIII. ELECTRODIALYSIS OF LATEX 


1. ELEcTRODIALYSIS IN GENERAL 


In electrodialysis, ordinary dialysis is combined with electrical transport of ions. 
An electrodialyzer is illustrated in the following diagram (see Figure 6). 
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Fig. 6.—Apparatus for electrodialysis. 
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The dialyzer comprises three chambers, A, B and C, separated from each 
other by membranes M, and M,. The liquid to be dialyzed is placed in cham- 
ber B, while fresh water flows constantly through A and C. By means of platinum 
or carbon electrodes, E, and E,, it is possible to apply a potential drop through 








Fie. 7a.—Complete set-up for electrodialysis. 


the liquid in B. As a result negative ions migrate toward the anode and posi- 
tive ions toward the cathode. 

Aside from the fact that ions thus pass through the membrane by reason of 
a concentration gradient, they are carried through also by electrical forces. 
Under these two influences removal of electrolytes is much more rapid than in 
ordinary dialysis. 
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In Figures 7a and 7b, a complete laboratory electrodialyzer is shown. The 
running water chambers are very small to provide thorough and effective rins- 
ing. They have openings at the top to permit escape of gases liberated at 
the electrodes. 

The circuit also includes a milliammeter, so that decreases in conductivity can 
be followed. 

For more detailed information concerning electrodialysis, reference is made 
to the familiar books on colloid chemistry. 


Fig. 7B. 


2. CoNCENTRATION EFFECTS 


In connection with certain phenomena observed with latex, the concentration 
effect in colloids, the socalled stratification phenomenon, must be considered. 

Since colloids are also electrically (usually negatively) charged, they also will 
migrate toward one electrode, usually the anode. In their path, however, they 
encounter the anode membrane which stops them, although allowing free passage 
of anions. Accumulation of colloid therefore occurs at the anode membrane, 
and since this interferes with dialysis, provision for preventing it should be 
made by active stirring. If stirring is neglected, the following consequences are 
observed. The colloid-rich liquid layer forming at the anode membrane moves 
downward (since it is heavier than the surrounding liquid) and collects at the 
bottom of ‘the middle chamber. If conditions are favorable to this effect the 
bottom of the middle chamber after a few hours of dialysis will have a layer 
of highly concentrated colloidal solution and above it a nearly clear liquid layer. 

This phenomenon, which was discovered by Pauli, and was thoroughly investi- 
gated by his collaborators Blank and Valko’, is frequently utilized to concen- 
trate sols, e.g., serum, egg white, silver iodide and others. 
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3. ELECTRODIALYSIS OF LATEX 


When latex is electrodialyzed in the manner described above, the current 
quickly begins to decrease after electrodialysis starts. This is chiefly caused by 
paste deposition on the anode membrane rather than by decreasing electrolyte 
concentration. 


TABLE VII 


DecREASE OF CURRENT ON ELECTRODIALYSIS, 
WITHOUT STIRRING 


Voltage: 10 Volt over 9 cm. 


Time Current 
(Hrs. ) (Milliamps. ) 


3.00 100 
3.15 82 
3.35 60 
3.50 50° 
4.30 40 


The following experiment shows that paste deposition cannot be avoided by 
stirring (see Figure 8). 


Fig. 8.—Creaming caused by electrophoresis. 


TasB.e VIII 


DECREASE OF CURRENT ON ELECTROLYSIS, WITH 
Strrone StTirRiNnG 


Voltage: 10 Volt over 3 cm. 


Time Current 
(Hrs. ) (Milliamps. ) 
11.15 120 
11.20 90 
11.30 50 
11.45 34 
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After one-half hour the cell was emptied, paste was removed from the anode 
membrane, and the cell was filled again with the same latex. The current was 
again 120 milliamperes. Dialysis was then continued, and the current was re- 
versed every 30 seconds. It quickly dropped to 90 milliamperes, but remained 
nearly constant at that level for a long time. 

When the cell was emptied, both membranes were covered with a very thin 
film of paste. 

Thus by reversing the current periodically, paste deposition can be diminished. 
The intervals, however, must not be too small, since otherwise the electro- 
dialysis effect is lost. 

In practice it is best to use a clockwork mechanism for reversing the current 
periodically. The proper interval for reversal should be ascertained by experi- 
ment. The greater the potential difference, the shorter the time interval should be. 


STRATIFICATION 


The phenomenon mentioned above as stratification is readily realized with latex. 

The process has even been patented for concentrating and purifying latex 
(Holland patent application 80,694, Dunlop Plantations, Ltd.). 

The test is best carried out with latex which has already been dialyzed 
without an electric current for some time. The stirrer is then removed from the 
dialyzer, and the current is turned on and reversed, e.g., at 15 minute intervals, 
to prevent paste deposition. At a potential of about 3 volts per cm., a thin layer 
of clear serum can be found near the bottom of the cell in about an hour, 

After 1 to 3 hours, creaming is very distinet. The cream:serum interface, 
however, is usually less distinct than in creaming with creaming agents. 

Example. Predialyzed latex (dry rubber content 17.8 per cent) was electro- 


dialyzed without stirring. Dilute ammonium hydroxide was used as the outer 
liquid; distance between membranes 3 cm.; potential:10 volts. The current was 
reversed every 15 minutes. After 4.5 hours the resulting cream and serum. were 
sampled. 


Dry rubber content of cream...... 39.6 per cent 
Dry rubber content of serum 4.92 per cent 
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CORRELATION OF NITROGEN AND ASH WITH TOTAL 
SOLIDS CONTENT * 


J. McGavack and C. E. Runes 


Unitep States RusBER Company, Passaic, N. J. 


The purpose of this paper is to report primarily the correlation of nitrogen 
and ash with the total solids of Hevea latices. In addition it is desired to show 
that the nitrogen in the rubber, prepared by acid coagulation, depends on the 
original total solids content of the latex. A further purpose is to show that the 
residual nitrogen adsorbed, dissolved in, or directly associated with the rubber 
phase has a constant value, independent of the concentration of nitrogen in the 
aqueous phase. It is believed that the proper knowledge of such relations will be 
kelpful in the preparation of better crude rubbers. 

Arisz! made a study of the nitrogen content of latex. His work was directed 
to observing the change in the nitrogen content of latex as influenced by the use 
of various systems of tapping, both with regard to time and location of the cut. 
His results indicate that there is a relation between the total solids content and 
the nitrogen value. Using his data on tree 1 and plotting the nitrogen as a per- 
centage of the total solids against the total solids content of the latex (Figure 1), 
we find that the nitrogen content of the total solids is roughly inversely propor- 
tional to the total solids content of the latex. When Arisz’s data were plotted 
so that the nitrogen content was a percentage of the whole latex, a line parallel to 
the z-axis seemed to result. 

Following the leads obtained from the work of Arisz, we decided to determine 
the nitrogen content of latex, from particular areas on our plantations, obtained 
by the usual tapping methods. We also decided, while these samples were avail- 
able, to see how the ash varied with the total solids content of the latex, and 
to determine how the nitrogen would be apportioned when latices of various total 
solids content were coagulated. 


PROCEDURE FOR NITROGEN AND ASH VALUES 


The latex samples used were obtained from four areas on alternate monthly 
tappings. Sampling on the four areas was begun simultaneously, after each area 
had been through a normal rest period for one month. Twenty-eight samples were 
taken from each area during the month of study. One hundred and twelve 
samples were thus collected; of this total, one was lost during handling. The 
areas selected supplied latex varying greatly in total solids content. The trees 
supplying the latex included old seedlings, young seedlings, and a number of 
young buddings. 

Some of the samples were preserved with ammonia and others with formal- 
dehyde while being transported from the collecting areas to the laboratory. The 
weights of preservative used were always obtained accurately, so that analyses 
could be based on the unpreserved latex. On receipt at the laboratory, each 
sample was analyzed for solids content, and a portion was poured into a shallow 
glass dish and dried to a film in a 50° C oven. Each film was analyzed in dupli- 


* Reprinted from Industrial and Engineering Chemistry, Vol. 32, No. 8, pages 1072-1074, August 1940. 


- 
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cate for nitrogen. The ash was determined on each film without replication: 
The Kjeldahl nitrogen determination was used. 

As a precaution against inclusion of volatile base in the nitrogen determina- 
tions, each sample was creped thin and boiled with 0.33 per cent Na, HPO, - 12H,O 
just before analysis. The sample to be analyzed was placed in a Kjeldahl flask 
with 150 ce. of the alkaline phosphate solution and boiled slowly until 25 to 50 ce. 
of liquid remained. The nitrogen determination was then carried out on the 
residue in the flask. Violent agitation was practiced before pouring latex into 
drying dishes to assure uniform dispersion of sludge. This is.a precaution es- 
sential for obtaining accurate ash figures for ammoniated latex, where an ap- 
preciable amount of inorganic sludge forms. Every effort was made to conduct 
each analysis in exactly the same manner, so that results would be directly 
comparable. The use of two preservatives is the only known source of variation 
in sample treatment; however, changing from formaldehyde to ammonia as pre- 
servative does not seem to make the slightest difference in ash or nitrogen 
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Fic. 1.—Variation of nitrogen with solids content as 
calculated from data of Arisz (tree 1). 


analyses. Formaldehyde is probably the more desirable preservative for nitrogen 
content studies because of its nonnitrogenous composition. 

All samples analyzed were grouped in classes according to solids content. 
A 1 per cent range was used for each class. Samples from 24 to 25 per cent solids 
content were placed in one class, samples in the range 25 to 26 per cent in 
another class, and so on until all samples were grouped. Averaged data for the 
samples are presented in Table I. The nitrogen and ash data of Table I are 
presented graphically in Figure 2. It is striking that curves practically identical 
in shape were obtained for ash and nitrogen data. The data closely follow the 
rule that the ash content is twice the nitrogen content. Both ash and nitrogen 
contents increase markedly when expressed on the solids phase, decrease ap- 
preciably when expressed on the water phase, and increase very slightly when 
expressed on the latex as the solids content decreases. Variation is so small 
for results based on the entire latex that the generalizations that the nitrogen 
content of latex is 0.25 per cent and the ash content is 0.50 per cent are satis- 
factory. The intimate relation between ash and nitrogen values indicates physio- 
logically that the synthesis of nitrogenous material by the rubber tree is quan- 
titatively dependent on the amount of salts absorbed by the trees. 
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Fic. 2.—Variation in nitrogen and esh contents with latex solids content. 


TABLE I 


AVERAGED Data For LATEX SAMPLES 


% ash % ash 
No. of % total % N detd. % N caled. detd. on % ash caled. on 
samples solids on solids % N calcd. on water solids caled. on water 
averaged of latex fraction on latex fraction fraction latex fraction 


46.30 0.522 0.240 0.447 1.01 0.47 0.87 
45.40 0.525 0.438 F 0.43 0.78 
44.89 0.513 “ 0.415 ‘ 0.48 0.87 
43.12 0.613 ‘ 0.465 j 0.48 0.83 
42.68 0.561 0.417 ; 0.48 


41.24 0.545 0.383 ; 0.47 
40.16 0.578 0.385 ‘ 0.46 
39.59 0.625 0.410 0.53 
38.42 0.663 : 0.414 0.53 
37.55 0.646 , 0.403 : 0.44 


36.61 0.663 0.380 0.48 
35.62 0.635 b 0.350 ’ 0.46 
34.63 0.740 : 0.395 d 0.47 
33.48 0.745 : 0.375 
32.58 0.825 : 0.395 


31.28 0.765 : 0.344 
30.75 0.814 ‘ 0.358 
29.52 0.875 ‘ 0.364 
28.48 0.921 0.367 
27.56 0.967 \ 0.367 


26.71 0.990 b 0.360 
25.42 0.966 0.329 
24.56 1.053 0.343 
23.58 1.113 ° 0.341 


_ 
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NITROGEN IN CREPE 


A 100-cc. portion of latex from each tapping area was accumulated daily. The 
accumulated samples were kept at 1.25 per cent ammonia to assure uniform 
preservation. At the end of each 7-day tapping period into which the tapping 
month can be conveniently divided, the 700-cc. portion accumulated for each 
plot was diluted with one liter of distilled water, treated with 10 per cent formic 
acid until acid to methyl red, and then treated with 200 cc. of ammonium formate 
buffer solution. The buffer solution, used to assure uniform acidity in coagulation, 
was prepared by treating 10 per cent formic acid with 20 per cent ammonia 
until the reaction was just acid to methyl red. One stock buffer solution was used 
for all samples. The latex samples, which coagulated about a minute after adding 
the buffer, were allowed to stand overnight and were creped and dried. The 
crepe samples obtained were analyzed for nitrogen in duplicate by the same 
procedure used for the dried latex films (Table II). The practice ‘of boiling 
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Fic. 3.—Variation in crepe nitrogen content 
with latex solids content. 





‘ with dilute caustic before analysis assured the removal of ammonia from the 
samples. 

In Figure 3 the data are presented graphically for the creped samples in 
curve B. Curve A, a reproduction of curve A from the nitrogen graph of Figure 2, 
shows the total nitrogen present in the latex before coagulation, expressed on the 
solids phase. It is apparent from Figure 3 that the portion of the total nitrogen 
in the latex which appears in the crepe is nearly 60 per cent. As a rule, acid 
coagulation results in the inclusion in the crepe of all the nitrogen intimately 
associated with the rubber fraction, in addition to 57 per cent of the nitrogenous 
material normally dispersed in the latex serum. 


NITROGEN INTIMATELY ASSOCIATED WITH RUBBER IN LATICES 


In the paragraph just above, reference was made to the nitrogen intimately 
associated with the rubber fraction of the latex. This is the nitrogen so tightly 
fixed on the rubber particles that it cannot be washed off by repeated creaming 
operations. Creaming operations normally free the rubber hydrocarbon from 
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Tas_eE IT 
NirroceNn CoNnTENT oF Crepep LaTex 
% total solids * %N in creped % total solids % N in creped 

of latex rubber ’ of latex rubber 
44.7 0.42 30.9 0.47 
416 0.35 29.5 051 
40.6 0.37 28.8 0.50 
38.6 0.35 28.5 0.52 
38.3 0.36 27.5 0.56 
38.2 0.40 27.2 0.58 
37.4 0.42 24.7 0.55 
32.5 0.41 24.0 0.66 


soluble serum components. To illustrate the fixed character of the residual nitro- 
gen, a typical set of creaming data is presented. The data of Table III show 
nitrogen distribution in latex, serum, and cream fractions throughout four con- 
secutive creaming operations. 


TasB_e III 
NitroGen DistrisuTION IN LATICES 
% total % N of Grams of N associated 
Grams of solids of sample N in with 100 g. 
Sample sample sample (wet basis) sample of rubber 
Ltt SRR 3 oo ncs oases 1287 6.53 0.228 2.930 _ 
Be ONINED os adnan aces 859 2.70 0.078 0.670 — 
eR RM i aoc bis alae 625 0.763 0.029 0.181 — 
ee IN Fs koe be uo awon 549 * 0.798 0.012 0.066 —_— 
Original latex .......... 2524 32.7° 0.197 4.970 0.100 : 
Oe Sr mr 1243 60.15 0.158 1,968 0.106 
BE WD asc Ga ce'ses's 1046 58.8 0.092 0.960 0.102 
it MAIN gs os acinic sear 923 55.1 0.072 0.667 0.106 
RR OOD dav binec% cave 726 57.7 0.067 0.486 0.108 


“ The latex was 39.75% in total solids content before treatment with creaming agent and dilution at 
the beginning of the creaming operation; the value 32.7% is for the latex as it was ready for the 
creaming step. 


CALCULATION OF NITROGEN ASSOCIATED WITH RUBBER 


An example is given to clarify the calculation procedure for those unfamiliar 
with creaming operations. The residual nitrogen in 100 grams of first. cream is 
calculated as follows: One hundred grams of the first cream contains 60.15 grams 
of solids and 39.85 grams of water. The cream may be considered as consisting 
of rubber particles suspended in the first serum fraction. With the first serum 
analyzing 6.53 per cent solids, it follows that 100 grams of cream contain 
39.85 x (6.53/93.47) or 2.78 grams of serum solids. The total serum in 100 grams 
of cream is then 2.78+39.85 or 42.63 grams. The nitrogen content of this serum 
is 42.63 x 0.00228 or 0.097 gram. The serum nitrogen, 0.097 gram, subtracted 
from the total nitrogen in the cream, 0.158 gram, leaves 0.061 gram of nitrogen 
associated directly with the rubber fraction of the cream. This rubber fraction 
amounts to 60.15—2.78 or 57.37 grams. It follows that (0.061/57.37) x 100 
or 0.106 gram of nitrogen is associated with each 100 grams of rubber in the 
cream. This value of approximately 0.1 per cent nitrogen is in good agreement 
with the data of McGavack? determined in a somewhat different manner. 

The nitrogen found in the four serum fractions and in the final cream fraction 
totaled 4.333 grams. Furthermore sample: records show that 0.577 gram of 









ee a ya Oa oer 











NITROGEN AND ASH IN LATEX 749 


nitrogen was in the samples removed for analyses. The 4.333 grams of nitrogen 
in the final cream and the sera, combined with the 0.577 gram of nitrogen in - 
the samples, sum up to 4.910 grams, a satisfactory accounting for the 4.970 
grams of nitrogen in the original latex. 

The data presented show that the latex coagulated by acid must have a vary- 
ing nitrogen content in the coagulum, depending on the total solids of the original 
latex. Also, the data show that for uniformity it is essential to bring about 
this coagulation under the same conditions, 7. e., with the same total solids con- 
tent. It may also be noticed that the nitrogen in the crepe varies more as the 
total solids content of the latex decreases, whereas at a total solids content of 
from 34 to 40 per cent the slope is not so great. Hence there will be less variation 
in the crepe prepared over this range than there would be in the crepe prepared 
from latices below 34 per cent total solids content. Rubbers at various points 
along this curve have been examined. The results on the characteristics of such 
rubbers will be reported at. a later date. 
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SEPARATION AND IDENTIFICATION ‘OF 
LECITHINS FROM HEVEA LATEX * 


R. F. A. AttmMaN and G. M. Kraay 


PROEFSTATION, BUITENZORG, WEST JAVA 


I. INTRODUCTION 
1. NOMENCLATURE 


To bring order into the chaotic nomenclature now employed for the socalled 
lipoid compounds has long been felt as an urgent need. In this connection, at- 
tention may be called to the decision reached in 1925 by the Committee on the 
Reform of the Nomenclature of Biological Chemistry, in keeping with Bloor’s 
suggestions!, to designate as “lipids” all fat acid esters which occur in plant or 
animal cells and which are soluble in alcohol and ether, and insoluble in water, 
and to include substances which can form esters with fat acids. Bloor’s classifica- 
tion distinguishes: 

(a) Simple lipids, 7.e., esters of fat acids with various alcohols (fats, waxes). 

(b) Compound lipids, i.e., esters of fat acids with alcohols linked to a third 
component. These are subclassified as: (1) phospholipids (lecithin, cephalin) ; 
(2) glycolipids containing sugar and nitrogen but no phosphorus; (3) amino- 
lipids; (4) sulfolipids. 

(c) Lipid derivatives formed by hydrolysis of compounds in classes a and b 
(fat acids, higher alcohols, sterols). 

The scant attention received by the International Committee’s recommenda- 
tions is most clearly illustrated by the fact that names in confusing variety per- 
sist in the literature, e.g., lipoids, lipins, chromolipins, lipoins, liposes, etc., 
and numerous investigators still cling to these arbitrary names. The term lipoids, 
which, according to Overton?, designates a fatlike substance occurring in animal 
or plant cells and soluble in the usual solvents for fats, has proved to be par- 
ticularly convenient. According to this definition, lipoids thus coincide in a 
general way with Bloor’s “compound lipids”. It is these compounds and par- 
ticularly the phospholipids or “phosphatides” (including lecithins) with which 
this paper is concerned. 

Lecithins which are related to cephalins may be represented chemically by 
the following general formulas: 


490: 
I HC—O—P —B 
™ OT: 


8 — cephalins a — cephalins 
_ B—lecithins a — lecithins 


* Translated by Julian F. Smith for RusBER CHEMISTRY AND TECHNOLOGY from Mededeeling No. 17 
van de Afdeeling Rubber Research van het Proefstation West Java, Buitenzorg, Java. Also published 
in Archief voor de Rubbercultuur, Vol. 24, No. 2, pages 58-73 (1940). 
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Composed of glycerophosphoric acid (I), fat acids (II) (palmitic, stearic, 
arachidic, oleic, linoleic, and linolenic acids are the members of this group com- 
monly found in the phospholipids) and a base (III), the lecithins with the 
choline radical as B and the cephalins with the cholamine radical as B are always 
amorphous compounds which, aside from hydrolysis by enzymes, are easily 
broken down by acids, alkalies, light, air, heat or moisture into their three 
principal constituents. This confirms once more that the instability of lecithins 
is an important factor in isolating these compounds. 


2. LITERATURE SURVEY 


The presence of lecithin in Hevea latex was first recorded by Belgrave and 
Bishop* in a microscopic examination for detecting resins in Hevea latex. Frey- 
Wyssling* also found a “lipoid” which he considered to be a “fatlike ester of 
phytosterol with fatty or other high molecular acids”. The presence of lecithins 
in latex was also mentioned by Beumé-Nieuwland’. 

Special attention, however, is merited by the comprehensive research of Rhodes 
and Bishop*, who were able to isolate “lipins” in considerable quantities from 
latex. The procedure described by them is approximately as follows: 

About 1.5 liter of latex is poured in a thin stream into 3.5-4 liters of ethyl 
alcohol. The coagulated rubber is quickly filtered with suction, and the filtrate 
is evaporated in a vacuum at 40° to about 300 cc. After standing in a refrigera- 
tor 5 or 6 days, the milky solution obtained is extracted with ether in a separatory 
funnel, and the ether extracts are evaporated. In this way an extremely small 
daily crop of the desired substance can be obtained. It is described as “a solid, 
transparent, golden yellow” substance. By following this procedure 52 times, 
which took nearly 3 months, Rhodes and Bishop were able to obtain no less 
than 151.6 grams of this ether-soluble product from 72.8 liters of latex. Thus 
they were able to estimate the average lipin content of latex as 0.2 per cent. 

None of the publications cited above presents any positive proof that the 
products designated as lipins or lipoids were actually lipids. Only Rhodes and 
Bishop® analyzed the product which they isolated. Summarizing the results of 
their analysis, we find the following composition: 


Nitrogen 
Phosphorus 
Fat acids 
Unsaponifiable 


By extracting the raw product with hot acetone these investigators obtained a 
residue with substantially higher nitrogen and phosphorus content, viz., 0.88 
and 2.56 per cent, respectively. 

The free fat acids obtained from the raw product by alkaline hydrolysis 
yielded 95 per cent of liquid (unsaturated) and 5 per cent of solid (saturated) 
fat acids by the familiar lead salt and ether separation method of Varrentrop’. 

From these analytical results, coupled with the fact that the golden yellow 
ether-soluble product gives a purple-red color with concentrated sulfuric acid 
and a little sugar (Pettenkofer reaction), Rhodes and Bishop concluded that 
the product prepared by them must belong to the “ill-defined class of fatty 
bodies called lipins”. The presence of a comparatively large proportion of sugars 
(10 per cent) is also in good agreement with observations of other investiga- 
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tors to the effect that lipids isolated from plants may contain as much as 16 per 
cent of sugars, from which the lipids can be separated only with difficulty or 
not at all. This explains why determinations of the nitrogen and phosphorus 
contents in plant lipids are always much too low (theoretically the phospholipids 
(lecithins) contain about 1.8 per cent nitrogen and about 4 per cent phosphorus). 

This publication may be considered as supplementing the work of Rhodes and 
Bishop in a manner which we believe to be essential. The primary object of our 
investigation was to ascertain whether the lipins described by these investigators 
are actually phospholipids, that is, whether the nitrogen and phosphorus in this 
product are actually derived from choline (cholamine) and glycerophosphoric 
acid, respectively. During the research we found means to isolate lipids by a 
simple and rapid procedure. Attention is also directed to the identification of 
mixed fat acids liberated by hydrolysis. 


II. METHOD FOR PREPARING PHOSPHOLIPIDS FROM LATEX 


In clarifying latex with a De Laval centrifuge (separator), the important ob- 
servation has repeatedly been made that the paste thrown against the centrifuge 
bowl wall is comparatively rich in brownish yellow oily slime and also contains 
inorganic salts and other components. A preliminary test indicates that this 
oil is in all probability a lipid, and specifically a phospholipid, since it apparently 
contains phosphoric acid. This observation alone seems to offer sufficient in- 
centive for investigating more thoroughly the chemical composition of this 
phospholipid, particularly since the phosphatidic raw material is so easily ob- 
tained, e.g., from the waste (centrifuge mud) in latex concentrating establish- 
ments. This is in contrast with what has just been said concerning the Rhodes- 
Bishop method. 

Undoubtedly our method of preparation has one disadvantage which is di- 
rectly related to the instability of phospholipids in acid or alkaline media; that 
is, ammoniated latex is used for clarification and, obviously, ammonia is not 
without an effect on lipids. However, this difficulty can be largely overcome by 
carrying out the procedure as rapidly as possible, with particular attention to 
the rapid removal of ammonia from the centrifuge mud (latex which has not 
been ammoniated can be clarified without any difficulty®, and gives substantially 
better yields). We shall take up this point further on, merely noting here that 
preparation of phospholipids need not take longer than 10 hours. 

Various preliminary tests led to the following procedure, which is very con- 
venient to carry out (cf. procedure I): 

Fresh latex (100 liters) immediately after adding ammonia (3 grams or less 
per liter of latex) is clarified in a De Laval centrifuge. The mud thrown against 
the bowl wall is collected together with latex remaining in the bowl, and mixed 
with sufficient sea sand to form a paste which must not be too thick (sand pre- 
vents formation of a compact impermeable rubber coagulum which, unlike the 
porous rubber: sand mixture, makes effective EtOH extraction impossible. This 
paste, which may be saponified if necessary, is added in small portions with 
rapid mechanical stirring to 5 liters of 96% ethyl alcohol preheated to about 
40° C. After adding all the material, the mixture is filtered in a Biichner 
funnel, and the precipitate is again extracted twice with the same quantity of 
alcohol. Passing carbon dioxide into the alcoholic solution during extraction is 
helpful. The yellow extracts are combined and evaporated in a vacuum in an 
atmosphere of carbon dioxide to a volume of 200-300 cc., keeping the boiling 
point below 50° C in every case. The resulting pale brown concentrate appears 
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to contain a thick golden yellow oil which is readily isolated with peroxide-free 
ether (glycerophosphoric acid can be detected in the residual aqueous layer by 
the method described in Section III, 1). The ether solution is dried over an- 
hydrous sodium sulfate and the ether is distilled off, first at ordinary pressure 
and then (for removal of residual alcohol) in a vacuum. The residue, which will 


Procepure I: PrepaRING PHOSPHOLIPIDS FROM LATEX 


Fresh latex 


Ammoniation and clarifi- 
cation 





Mud Purified latex 
C:H;OH extraction 





Rubber: sand C.H;0H extract 
mixture Evaporated in a vacuum 
in CO, 


Distillation residue 
Ether extraction 





Aqueous layer Ether extract 
(contains glycero- Ether distillation 
phosphoric acid) 


Golden yellow semisolid 
residue (crude lipid) 
Dissolve in absolute ether 
and then add acetone 





Precipitate Ether-acetone solution 
(purified lipids) Evaporate to small 
volume, add ether 
and filter 





Solution 

Evaporate in vacuum Crystalline precipitate 
(glycoside, cf. Section IV) 
m.p. 285° (decompn.) 


Residual lipids 


be designated as “crude lipids” is a golden yellow substance of buttery con- 
sistency.- The average yield is 15 grams. 

Whereas in the Rhodes-Bishop method no less than 200 grams of “lipins” can 
be prepared from 100 liters of latex, it appears from the discussion above that 
the “clarification” method yields only 15 grams of this product from the same 
quantity of latex. In our opinion, however, this should not be considered as a 
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disadvantage of the method just described. Aside from the possibility of sub- 
stantially increasing yields by repeated clarification, the raw material (centrifuge 
mud) ceases to be a worthless waste product, merely separated to improve 
latex quality. 

Since our product has the same properties as the Rhodes-Bishop “lipin”, we 
consider it highly probable that the procedure described isolates the same lipids. 
The following method gives satisfactory purification of the crude lipids (see 
schematic Procedure I). The substance is dissolved in the least possible quan- 
tity of absolute peroxide-free ether and is filtered through a folded filter to re- 
move impurities which apparently are always present (these remain as a gelati- 
nous film on the filter and apparently contain the same glycoside, decomposing 
at 285°, which is described in Section IV and is obtained by recrystallization 
from ethyl alcohol). The clear pale brown filtrate is then added drop by drop, 
with mechanical stirring, to about 1 liter of absolute acetone saturated with 
CO,. The resulting white flocculent precipitate is rapidly filtered off, washed 
with anhydrous acetone and dried in a vacuum desiccator in the dark. 

About 5 grams of purified lipid can be obtained in this way from 15 grams of 
crude lipids. The purified product, which is colorless at first, soon takes on a 
brownish tint. It is more solid in consistency than the crude lipids, and in out- 
ward appearance can best be compared to “gums”. 

As for the yellow ether-acetone solution, distillation yields a dark thick syrup 
which contains a white crystalline substance in addition to the residual lipids. 

This crystalline product, which seems to be only slightly soluble in ether, is 
easily separated from the highly ether-soluble residual lipids. The properties of 
this interesting material will be discussed later (see Section IIJ, 1). It may 
merely be mentioned here that it can be identified as a glycoside (see Section IV). 

The crude as well as the purified and residual lipids give the phospholipid 
color tests of Cassanova®, Siedler?® and Pettenkofer (see Section I, 2). In the 
next section it will be shown that these lipids actually contain phospholipids. 


III. ANALYSIS OF PRECIPITATED PHOSPHOLIPIDS 


Methods for analyzing phospholipids are all based on hydrolysis, breaking 
down the molecule into fat acids, glycerophosphoric acid .and choline, according 
to the equation: 


2O 
H,C-O-C-R’ OH HOOC-R’ H,COH 
OR act (CH;), + 3H,O > + HC-O-P=0 + HO-CH, 
| ‘Oo .| \OH i ” 
H,C-0-C-R” HOOC-R” H,COH ae 
SO (CH,),; NOH 


Lecithin Fat acids eee vanneaas Choline 
aci 


This complete hydrolysis is easily effected, and in particular choline. is very 
readily split off even by dissolving lecithin in ethyl alcohol at 60-70° C or by 
allowing an ethyl alcohol-lecithin solution to stand for half an hour at ordinary 
temperature’. This may be attributed to the extreme instability of lecithins. 
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1. Quauitative ANALYsIs 


In qualitative analysis as applied to the “crude phosphatides” described above, 
we employ a method described by Fourneau and Piettre!* and set forth in Pro- 
cedure II below. The original method was improved by slight modifications. 

A solution of 10 grams of crude phospholipids in 25 ec. of absolute methanol 
is saturated with dry hydrogen chloride gas at 0° C and heated 1 hour at 50° C, 
then to 75° C when escape of hydrogen chloride gas through the condenser has 
practically ceased. 

On cooling the mixture a white crystalline substance melting at +131° C pre- 
cipitates from the resulting dark solution. This substance shows very distinctly 
some of the color tests for phytosterols. We shall return to this topic further 
on (see Section IV). 

The filtered methanol-hydrogen chloride solution is poured into 500 ce. of water 
and extracted with ether. The ether extract and the aqueous hydrogen chloride 
layer are analyzed separately as follows: 

After washing with dilute sodium bicarbonate solution the ether extract is 
dried and evaporated. The residue containing methyl esters of fat acids yields 
a brown oily substance when saponified with dilute potassium hydroxide. This 
product apparently consists of mixed saturated and unsaturated acids. The two 
groups are separated from each other by the familiar Twitchell method?’. 

More detailed analysis of the liquid fraction containing unsaturated fat acids 
is carried out as described by Hazura!* (see also Frahm and Koolhaas'*), who 
oxidized unsaturated fat acids to the corresponding hydroxy acids with alkaline 
potassium permanganate. In this way we were able to isolate two hydroxy acids, 
namely, dihydroxystearic acid (m.p. 131°) and sativie acid (m.p. 175°), formed 
respectively from oleic and linoleic acids. 

As for the solid (saturated) fat acids separation was effected by fractional 
crystallization successively from 100, 90 to 70% ethyl alcohol'®, a method in- 
volving exceptionally serious losses of fat acids. Nevertheless this method per- 
mitted separation of arachidic, stearic and palmitic acids in adequate quantity, 
and it was possible to identify the acids by their melting points (73, 69 and 61°) 
and by their m.xed melting points (with acids prepared by other methods)?*. 

Analysis of the aqueous hydrogen chloride layer was carried out as follows!?: 

To remove most of the hydrogen chloride the solution is evaporated to dry- 
ness in a vacuum, and the residue is dissolved in 50 cc. of water. 

A sample of this aqueous solution shows sugars not only with Fehling solu- 
tion but also with Luff reagent. 

The remainder of the solution is made alkaline with calcium hydroxide solu- 
tion, filtered through Norit after being heated just to the boiling point, and 
neutralized (to phenophthalein) with N HCl. After vacuum evaporation, the 
neutral solution yields a brownish residue which is also dried in a vacuum over 
sulfuric acid over night. The dry residue thus obtained is extracted with ab- 
solute ethyl alcohol in which choline hydrochloride and calcium chloride are 
readily soluble, while calcium glycerophosphate remains in the residue. 

To remove calcium chloride from the alcohol extract aqueous sodium carbo- 
nate is added. The solution is evaporated to dryness, after which the residue 
is taken up again in absolute ethyl alcohol and filtered; calcium carbonate re- 
mains on the filter, while choline hydrochloride passes into the clear filtrate. 
This filtrate, which is concentrated and if necessary purified by boiling with 
Norit, gives with a concentrated platinum chloride solution in ethyl alcohol an 
orange precipitate of (C;H,,ONCl),- PtCl,, melting at 226°. After a single re- 
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crystallization from dilute alcohol it yields fine orange crystals, melting-at 254° C. 
The platinum content of this product is 31.89% (calculated 31.68%). We were 
unable to detect cholamine (derived from cephalins if present) in the choline 
fraction. 


Procepure II. Qua.irativE ANALYsIs oF CrupE Lipips 


Crude lipids: 

dissolve in absolute CH;0H; 
saturate with HCl gas at 0° C; 
heat; pour solution 

into water ; extract with 

ether 





Ether extract: Aqueous layer: 
distill off ether ; evaporate in a vacuum 
saponify residue, and to dryness; dissolve 
separate by Twitchell in a little water; 
method into (sugar present) ; make 
alkaline with lime 
water; filter; 
neutralize with HCI; 
Saturated fat acids: Unsaturated fat evaporate to dryness 
fractional crystal- acids: oxidize with ina vacuum 
lization KMn(Q,, and separate 

products 





Palmitic, stearic, 
arachidic acids Dihydroxystearic Dry residue : 
and sativic acids _ extract with abso- 
lute alcohol 





Alcohol extract : Residue (levorotation 
evaporate to small in aqueous solution) : 
volume; dissolve in ignite ; take up ash in 
water; treat with dilute HNO;. Phosphate 
NazCO; test positive 





CaCO; precipitate Solution : evaporate 
to dryness ; extract 
with absolute C.H;OH 


Alcohol extract: add 
PtCl, in absolute C.H;OH 


Precipitate of (CsH1ONCl)2PtCh, 


m.p. 254 


The residue, which is insoluble in absolute ethyl alcohol and contains calcium 
glycerophosphate, is dissolved in water, decolorized with Norit and treated with 
25% lead acetate solution. The resulting precipitate of lead glycerophosphate is 
filtered off, washed with cold water and decomposed into lead sulfide and glycero- 
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phosphoric acid by being suspended in dilute barium hydroxide solution and 
treated with hydrogen sulfide so that barium glycerophosphate remains in solu- 
tion. The mixture is then evaporated in a vacuum, and purification by means of 
the lead salt is repeated several times. After vacuum evaporation, barium 
glycerophosphate can be further purified by precipitation with ethyl alcohol, 
filtration and redissolving in water, this treatment being repeated as often as 
necessary. Thus a clear solution of the barium salt is finally obtained, which 
shows a slight levorotation’?. When the barium salt is calcined at red heat it 
yields, with carbonization, a residue showing a distinct reaction for phosphates. 

In summary it may be concluded from the discussion above that the crude 
‘lipids comprise a mixture of lecithins, contaminated with glycosides and com- 
bined with glycerophosphoric acid, choline and oleic, linoleic, palmitic, stearic 
and arachidic acids. In addition to these a compound which gives some of the 
phytosterol color tests has been detected in the crude lipids. 


2. QUANTITATIVE ANALYsIS 


Both the crude and the purified lipids were analyzed. 

The phosphorus content was determined by igniting the sample with a mix- 
ture of sodium nitrate and sodium carbonate to separate phosphate quanti- 
tatively as magnesium pyrophosphate in the ignition residue. 

The nitrogen content was determined by the Kjeldahl method. 

Fat acids were determined by the method described by E. H. and A. Winter- 
stein?!, though somewhat modified by us. About 1 gram of phosphatide is 
boiled for 12 hours in 100 cc. of 0.25 N HCl under a reflux condenser. (It is 
helpful to dissolve the weighed phosphatides first in as little ether as possible. 
This ether solution gives with the required amount of hydrogen sulfide, on 
shaking, an emulsion which is then boiled. Thus the material to be purified is 
brought into intimate contact with hydrogen chloride, which substantially 
shortens saponification time). After cooling, the mixture is extracted with per- 
oxide-free ether, which dissolves the liberated fat acids. These are freed from 
any other components which may be present by dissolving the dry ether extract 
in 1 per cent potassium hydroxide, filtering the solution and reprecipitating the 
fat acids from the filtrate, after which they are extracted again with ether. In 
our case this treatment removed not only the crystalline substance melting at 
131°, as previously mentioned, but also a very small quantity of a rubber-like 
substance outwardly resembling caoutchol!®. The ether solution is then washed 
with water, dried over sodium sulfate and evaporated. The residue is heated a 
short time at 100° C, and dried to constant weight in a desiccator. 

In this way we found in the crude lipids: phosphorus 1.58, nitrogen 0.54, 
fat acids 84.1 per cent. 

The purified lipids contained: phosphorus 2.35, nitrogen 1.05, fat acids 61.3 
per cent. 


IV. PROPERTIES OF THE PRECIPITATED GLYCOSIDES 


In Section II, the unexpected crystallization of a white substance was de- 
scribed. By recrystallizing from ethyl alcohol it gave rosettes of colorless crys- 
tals (see Figure 1). At about 250° C these crystals turn brown, at 270° C they 
begin to sinter but do not melt until 285° C and then with decomposition. The 
substance is insoluble in water, acid or alkali and only very slightly soluble in 
organic solvents at ordinary temperature. The compound contains no other ele- 
ments than carbon, hydrogen and oxygen; its molecular weight (micro-Rash 
method) is 555. 
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Of the color tests for phytosterols?® only those of Salkowsky, Liebermann- 
Burchardt, Mack and Tschugajew were positive. Other phytosterol tests (Rosen- 
heim, Brueckner, Tartelli-Jaffa and the tests for C:C double bonds) were nega- 
tive. Since the compound also gave no precipitate with digitonin in alcohol 
solution, no direct indication can be cited to show that this compound is a 
phytosterol or phytosteroline. 

By boiling several times in dilute hydrochloric acid, the compound is com- 
pletely decomposed into two components: 

a. A reducing sugar which is easily detected in hydrochloric acid solution 
(Fehling, Luff). 

b. An aglucone which forms beautiful glistening hexagonal plates when re- 
crystallized from dilute alcohol (see Figure 2) and is readily soluble in organic 
solvents. 


Fic. 1.—Glycoside. Fig. 2.—Aglucone. 


From its melting point and unchanged mixed melting point (131°), the 
aglucone appears to be identical with the compound described in Section III, 1. 
The molecular weight is 279, 7.e., 176 less than for the glycoside from which it 
was obtained by hydrolysis. Since this difference approximates the molecular 
weight of glucose (180), it seemed logical to assume that the sugar component 
is glucose or at least a hexose. In this connection reference may be made to the 
steroline obtained by Whitby, Dolid and Yorston?? (C,,H,,0,, decomposing at 
285-90°, calculated molecular weight 548) and the sterol obtained therefrom by 
hydrolysis, C,,H,,0, m.p. 134.5, molecular weight 386. In all probability these 
compounds are identical with the glycoside and aglucone just described. The 
phytosterol described by Dekker?*, melting at 129°, is probably identical with 
our aglucone. 

As already stated (see Section II, 1), this aglucone gives the color tests of 
Salkowsky, Liebermann-Burchardt, Mach and Tschugajew. Other tests for 
phytosterols, however, were negative, and the aglucone, like the glycoside, 
does not give a precipitate with digitonin. 

It may still be noted that Van Dillen* confirmed the presence of glucose 
in latex as early as 1922. Ultee**, Whitby?®, Belgrave®, Bruson, Sebrell and 
Vogt!®, and Bruni®® have also reported the presence of phytosterols in rubber 
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latex. The phytosterols separated by Bruson are distinctly different in proper- 
ties from the aglucone described herein. 


V. DISCUSSION 


Summarizing the results obtained in previous sections, the crude lipids may 
be considered as a mixture of lecithins containing glycosides. From the follow- 
ing table, which also contains figures reported by Rhodes and Bishop*, the sig- 
nificance of the analytical results which have been obtained is at once apparent. 


Calculated lecithin 
content (Lg) in 
% Composition whole % according 
cr abs ‘ to content of: 
Liber- —S 


ated fat Ratio * “ Fat 

Kind of lecithin acids N ‘ig NiP acid N P 
Stearo-oleo-lecithin (theoretical)+ . 70.3 1.74 3.85 1:224 100 100 100 
Rhodes-Bishop crude product 0.59 1.72 1:282 101 34 45 
Rhodes-Bishop purified product... 0.88 2.56 1:299 — 51 67 
Crude lipids ; 0.54 1.58 1:293 120 31 41 
Purified lipids ; 1.05 2.35 1: 2.24 88 60 61 


* We are not entirely clear as to the derivation of the N: P ratios given by Rhodes and Bishop.® 
; t We based our calculation of Lg on stearo-oleo lecithin (molecular weight 805) as a 100% phospho- 
lipid. Moreover, it is tacitly assumed (the opposite does not appear in any way from the experiment) 


“— = the observed N occurs as choline and all the P as glycerophosphoric acid in the lecithin 
molecule. 








~ 


It is quite noteworthy that wide discrepancies occur in lecithin content (Lg) to 
the extent that these were calculated from the observed amounts of nitrogen, 
phosphorus and fat acids. The higher values of Lg were obtained from the fat 
acid and the lower from the nitrogen content. The latter is comprehensible in 
view of the ease with which choline splits off (cf. Section III, 1). As for the 
fat acids, it must be assumed that the purification process (by precipitating 
lecithins from ether solution with acetone) décreases the fat acid content of 
lecithins in favor of the nitrogen and phosphorus content. Nevertheless it appears 
from the Lg values of the purified lipids that these contain relatively too much 
fat acid. It is entirely possible, indeed probable, that this excess is derived 
from ordinary fats containing the fat acids combined with glycerol. 

Separation of a glycoside is highly important, especially since it is now clear, 
at least in part, how the sugar component occurs in the highly complicated 
lipid system, but the manner in which the glycoside is linked to one or more 
lecithin components is a question which must be left unanswered for the present. 
The great practical importance of the occurrence of fat acids in plantation latex 
becomes apparent only as the following considerations receive attention: 

According to Rhodes and Bishop* the average lipid content of latex may be 
stated to be 0.2 per cent. These lipids, which contain about 70 per cent free 
or combined fat acids may thus yield not less than 1.4 grams of fat acids per 
liter of latex. That this amount of acids is actually liberated is certain in view 
of the instability of lecithins. This is particularly true of ammoniated latex in 
which ammonia exerts a catalytic accelerating effect on the ordinary course of 
lecithin hydrolysis. The same is true of potassium hydroxide and sodium hy- 
droxide, since these bases when added to latex quickly form potassium or sodium 
soaps in substantial quantity. In view of the important functions of soaps in 
the latex industry, this circumstance has fundamental practical importance. 
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VI. SUMMARY 


To identify completely the phospholipids, which according to several au- 
thors® * 5» may occur in Hevea latex, we separated in a very simple way a 
butter-like substance, which really contains phospholipids. The results of quali- 
tative analysis justify the positive conclusion that this substance contains 
lecithins composed of glycerophosphoric acid, choline and the fat acids: palmitic 
acid, stearic acid, arachidic acid, oleic acid and linoleic acid. A glycoside also 
was shown to be present in the raw material. We found the content of phos- 
phorus, nitrogen and fat acids to be 1.58, 0.54 and 84.1 per cent, respectively. 
In purifying the crude material by means of fractional precipitation with acetone 
from the ether solution, we obtained a nearly colorless gum which contained 
2.35 per cent phosphorus, 1.05 per cent nitrogen and 61.3 per cent fat acids. It 
is stated that the purification is accompanied by a considerable loss of fat acids, 
the latter remaining in the acetone-ether solution. 
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A CONTRIBUTION TO KNOWLEDGE OF 
THE CREAMING PROCESS * 


G. E. van GILs 


PROEFSTATION, BUITENZORG, WEST JAVA 


I, INTRODUCTION 


Creaming of latex is a process which is extensively employed, partly because 
good creaming agents have been developed! and partly because of the con- 
stantly increasing demand for concentrated latex. 

Knowledge of the mechanism of creaming is not in proportion to the great 
practical importance of the process. It still happens too frequently that un- 
expected variables or phenomena, for which the laboratory investigator can 
offer no explanation, are encountered. 

In the present paper we present the preliminary results of tests carried out at 
the West Java Experiment Station. For a general survey of creaming processes, 
reference should be made to a recent paper by Kraay?. 

The object of the present paper is to enquire more deeply into various 
phenomena which are discussed briefly in the paper cited above. 

Unless otherwise stated, the tests to be described were made with konjak 
flour, abbreviated here to K flour. 


II. FORMATION OF AGGLOMERATES 


The essential feature in the mechanism of creaming is agglomeration. 

It has already been demonstrated by Baker® that when a creaming agent is 
added the separate latex particles cohere in clusters. 

As a result of this agglomeration, kinetic thermal motion ceases to have much 
influence on individual particles, and the difference in specific gravity causes 
the clusters to rise.’ 

The ascending clusters collect at the top of the liquid to form a cream, which 
continues to become thicker, while the lower liquid layer from which rubber 
is being constantly withdrawn becomes clearer. 

The phenomenon described here can be observed easily in creaming a very 
dilute latex and in the formation of cream on milk. With latex, however, con- 
taining 5-10 or more per cent of rubber, entirely different phenomena are 
observed. 

Some time after adding the creaming agent, a cream layer of serum may be 
seen separating at the bottom of the liquid. Separation from the supernatant 
liquid is indistinct at first, but soon becomes sharper, with a tendency to move 
upward, i.e., the volume of serum increases while the volume of cream decreases. 
After about two days, the volumes become practically constant. In this last 
case the concentration of rubber globules is apparently so great that the ag- 
glomerates unite to form a mass extending throughout the liquid. 

For a clear understanding of the following discussion, we wish to emphasize 
also that the phenomena described here are purely mechanical. When the ag- 


* Translated by Julian F. Smith for Rusper CHEeMIsTRY AND TECHNOLOGY from Mededeeling No. 15 
van de Afdeeling Rubber Research van het Proefstation West Java, Buitenzorg, Java. Also published in 
Archief voor de Rubbercultuur, Vol. 28, No. 4, pages 256-296 (1939). 





762 RUBBER CHEMISTRY AND TECHNOLOGY 


glomerates have once been formed, creaming can be greatly accelerated, e.g., 
by replacing the gravitational field with a field of enormously stronger cen- 
trifugal force. 


III. MECHANISM OF AGGLOMERATION 
A. Microscopic OBsERVATION 


The union between rubber globules in an agglomerate is completely reversible. 
When the agglomerate is introduced into water, the individual rubber particles 
are liberated again. Under the microscope this disintegration of agglomerates 
can be very clearly observed in the following manner: 

Place on an object glass, about 0.6 cm. apart, a drop of freshly prepared cream 
and a drop of water. Lay a cover glass cautiously over both drops in such a way 


Fic. 1.—Cluster formation, photographed by transmitted light. 


that a sharp line is formed between cream and water. If the microscope is 
focused exactly on this boundary line, the following may be observed: 

More or less large clusters detach themselves, and these clusters diffuse into 
the water. The clusters themselves very quickly disintegrate into smaller ag- 
glomerates and individual rubber particles showing a lively Brownian movement. 

Now it was very quickly apparent to us that in some cases disintegration 
took effect much more rapidly than in others, especially when the cream was 
fresh, 7.e., when the latex: K flour mixture had stood only a few hours disintegra- 
tion was faster than when the mixture had stood one or several days. 

If a drop of latex is investigated in the same manner shortly after mixing 
with the K flour solution, it even gives the impression of having no agglomerates 
present at all, since only individual particles diffuse into the water phase from 
the cream layer. Moreover the cream: water interface becomes indistinct much 
more rapidly than when the cream is old. 
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Microscopic examination of undiluted latex already mixed with K flour and 
pressed to a very thin layer between two slides indicates, however, that ag- 
glomerates must be formed immediately after mixing. Moreover this is con- 
firmed by the observations described below. 

For the sake of completeness we may say also that agglomeration can often be 
observed with the unaided eye or under a lens when a latex: K flour mixture is 
stirred in a beaker and liquid draining from the wall is examined. 


B. EXPERIMENTS WITH CENTRIFUGE TUBES 


As mentioned already, creaming can be greatly accelerated by using a centrifuge. 
For this purpose part of the latex: K flour mixture is centrifuged 15 to 20 


Fie, 2.—Cluster formation, photographed in dark-field illumination. 


minutes in a calibrated centrifuge tube. A very sharply defined cream layer 
separates, which shows practically no increase in volume if centrifuged longer. 

If, however, the tube is allowed to stand for a day and centrifuged again, 
it appears that cream volume is progressively decreasing by a substantial amount. 

The tests can also be made in another way. A freshly prepared latex: K flour 
mixture is divided in 3 calibrated centrifuge tubes. Tube A is centrifuged di- 
rectly and the volume of cream is observed. Tubes B and C are allowed to stand 
at rest. After 1-4 hours, tube B is centrifuged and the next day tube C. It then 
appears that C’ has the smallest volume of cream and A the largest. Since the 
serum is equally clear in all three tubes, it may be concluded that the rubber 
particles are most closely packed in tube C, while packing is much looser in tube A 
immediately after centrifuging. 
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C. EXPLANATION OF SYNERESIS IN CREAM 


Observations of tubes A and B demonstrate that immediately after mixing 
latex with a creaming agent, the rubber particles in agglomerates are loosely 
packed and occupy a large volume. After a time union becomes firmer, ,ag- 
glomerates are more difficult to separate, and they occupy a smaller volume. 
This phenomenon of attraction in agglomerates with simultaneous separation of 
serum is designated “cream syneresis” by analogy with the familiar syneresis 
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Fic. 3.—Creaming of extremely dilute latex. 



































phenomenon in colloid chemistry*. Quite independently of us Twiss and Car- 
penter, from exact motion analysis at the cream:serum interface, also ad- 
vanced the hypothesis that creaming proceeds in two phases which they call 
“cluster migration” and “network shrinkage”. 

The general explanation of syneresis can also be applied to cream. It is known_ 
that rubber particles in latex have a negative charge by reason of proteins ad- 
sorbed on the surface. Without this charge the particles would immediately 
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Fie. 4.—Creaming of latex of normal concentration. 


unite (flocculate) on impact, since there are also forces of attraction at the 
particle surface. These forces of attraction are of two kinds, first the socalled 
van der Waals forces and, second, such forces as may result from positive 
charges derived from induced and perhaps also from permanent dipoles present 
in protein molecules. The resultant of the forces of repulsion and attraction 
governs the particle behavior. 

Now the negative charge is not uniformly distributed over a colloidal particle 
surface but is present as a discontinuum. In all probability the van der Waals 
forces, being inherent in the substance (in this case rubber), are distributed 
over the surface as a continuum. Thus there are points on a rubber globule where 
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repulsion is very strong. At certain points it is weaker, and it is even possible 
that points may occur where attraction predominates. 

It may be assumed that in freshly formed agglomerates individual particles 
still retain part of their kinetic mobility. 

Whereas after adding the creaming agent, particles in a cluster are oriented 
quite arbitrarily with respect to each other, in the course of time they take up 
positions with points of minimum repulsion force turned toward each other, 
thus permitting closer approach. The particles rotate just long enough to seek 
out the lowest energy positions. This is coupled with compact structure, in- 
crease in mutual combining forces, and expulsion of serum. 


IV. THEORIES OF AGGLOMERATION 
A. Tue Tueory or VESTER 5 


Vester assumes that creaming agents react with proteins in the serum to 
form a simple coacervate. Such coacervates have indeed been observed on mix- 
ing, for example, agar with casein, and are considered to result from mutual 
desolvation of colloids (this cannot be a case of a complex coacervate, since both 
creaming agent and rubber are negatively charged). 

Vester reports that he observed coacervation in the serum layer on adding a 
creaming agent and after centrifuging. We repeated the tests with fresh latex, 
but were unable to observe the phenomenon which he describes. We used the 
following creaming agents: K flour, gum tragacanth, karaya gum and sodium 
polyvinyl acrylate. Approximately 1 per cent solutions of these substances were 
prepared, and different amounts of solution were mixed with different amounts 
of latex serum. The serum was obtained by centrifuging fresh ammoniated latex 
in a modern de Laval separator (laboratory machine type L6), with suitable 
adjustment and such small capacity that a serum with extremely low rubber 
content was obtained. This serum was then centrifuged a second time. By this 
means the dry rubber content (DRC) was lowered to about 0.5 per cent. 

Under the microscope no rubber globules could be observed with ordinary 
illumination in this serum; they could be detected only by ultramicroscopic 
examination with a cardioid condenser. 

On adding a creaming agent, it was observed that at suitable concentrations 
these ultramicroscopic particles joined to form agglomerates which were visible 
in the microscope. We never observed emulsification such as Vester described. 

Another test series was carried out with serum obtained from a low rubber 
sublatex fraction (centrifuged once) by filtering through Chamberlain filter 
candles. The resulting serum was perfectly clear, and still had a high protein 
content. 

Solutions with creaming agents were freed from coarse particles by cen- 
trifuging in a centrifuge tube and decanting. These solutions also were per- 
fectly clear. 

Varying amounts of serum and creaming agent were then mixed together, but 
in every case the solutions remained clear. 

Absence of emulsification, however, is not sufficient proof that coacervation 
did not occur, yet there are other facts which contradict the theory proposed 
by Vester: 

1. During creaming, serum proteins are not entrained by the rubber globules. 
Otherwise it would be impossible to make low-protein rubber by repeated 
creaming. 
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. 5A.—Fresh cream. 


Fic. 53. Redisintegration of clusters. Magnification 200x (transmitted light). 
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2. Even latex with very low protein content can be creamed. 

3. Paraffin emulsions prepared with any desired emulsifier (protein-free) 
can also be creamed (see Section V). 

Hence proteins do not have any essential part in creaming. Their sole func- 
tion is to impart a certain charge to rubber particles. This function can be per- 
formed equally well by other emulsifiers. 


B. Tueory oF Twiss AND CARPENTER ® 


This theory is based on McBain’s hypothesis’ that high viscosity in hydro- 
philic colloids, including creaming agents, is caused by a tendency of the par- 
ticles to unite in a network within which the solvent (water) is firmly held. This 
network, however, behaves toward deformation as would be expected in the 
case of stirring or flow through a tube. 

When a solution of a hydrophilic colloid is added to latex, the rubber particles 
join with molecules of the added colloid by adsorption at the interface. If it is 
considered that particles of the added hydrophilic colloid are already cohesively 
joined, we have an explanation for the occurrence of rubber particles in 
agglomerates. 

A network of creaming agent molecules is then present between which the 
rubber particles are held (anchoring effect). Indeed many phenomena can be 
explained by this hypothesis. More exact investigation is needed, however, 
first with respect to the validity of McBain’s hypothesis and, second, with re- 
spect to the reason why the negative creaming agent is adsorbed by rubber 
particles, also negatively charged. 


C. THe CreamMinc Process 


A counterpart of creaming is the reversible flocculation of coal suspensions 
by hydrophilic colloids, as is done in many coal mines. 

The waste water, which is rich in coal ‘particles, is treated with a specially 
prepared starch, which causes the coal particles to agglomerate and sink. It 
has been found recently that K flour is also an excellent flocculating agent for 
this purpose’. 

Theories concerning this phenomenon have been suggested by several investi- 
gators. In our opinion it has the same fundamental mechanism as creaming. In 
connection with the following discussion, we wish to direct attention to the fact 
that when a coal slurry is flocculated with electrolytes, the fraction which sinks 
occupies a much larger volume than when colloids are employed. The first 
method of flocculation involves a decrease in electric charge, whereas in the 
second method there is little or no’such decrease. 


V. INFLUENCE OF THE CONCENTRATION OF CREAMING AGENT ON THE 
DRY RUBBER CONTENT OF CREAM AND SERUM 


Previous investigations have already studied the influence of the concen- 
tration of creaming agent so that a brief statement will suffice here. 

With increasing quantities of creaming agent, the lower serum layer becomes 
progressively clearer. At the same time, however, cream volume increases. 
Determination of the DRC content of the cream usually reveals an initial rise 
followed by a progressive decrease. Thus there is always an optimum con- 
centration at which creaming is most efficient. 

The fact that the same phenomenon is observed in creaming a paraffin 
emulsion with K-flour shows that the effect is not limited to latex. 
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The paraffin emulsion is prepared as follows: 


Solution A: 
Liquid paraffin 88 parts by weight 
Stearic acid 9 parts by weight 
Solution B: 
Water 300 parts by weight 
Triethanolamine 3.5 parts by weight 


Solutions A and B are poured together into a Charlotte colloid mill. An 
emulsion is formed with active frothing, and is passed through the machine 
several times, then allowed to stand overnight to give the air bubbles time to rise. 


Fic. 6.—Creaming of a paraffin emulsion with increasing proportions of K flour. 


Although the emulsion was very stable, it showed some slight creaming on 
standing. In contrast to the usual appearance in natural creaming (with- 
out creaming agents) the interface between clear serum and cream was quite 
sharp. This agrees with the fact that agglomerates were visible in the un- 
diluted emulsion even without creaming agents. When the emulsion was diluted 
about ten times with water, the agglomerates disappeared, and natural creaming 
no longer gave a sharp cream:serum interface. 

Under the influence of only a little creaming agent, such as K flour, cream- 
ing immediately became much more nearly complete. The series illustrated in 
Figure 6 was prepared with 5, 8, 10, 13, 16 and 20 cc., respectively, of 1 per 
cent K flour solution per 100 cc. of mixture. 
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For most latexes, the optimum K flour concentration is 14 cc. of 1 per cent 
solution per 100 cc. of latex. This optimum, however, depends to some extent 
on the electrolyte content in the serum and rubber content in the latex. Although 
this point is to be investigated more in detail, we quote the following figures 
here by way of illustration: 

In a given case, for example, the optimum concentration for dialyzed latex was 
25 per cent of 1 per cent K flour solution; after adding 3 millimols of potas- 
sium thiocyanate per 100 cc. of latex, the optimum was 20 per cent, and with 
5 millimols of potassium thiocyanate per 100 liters (error for cc.?—JFS) of 
latex it was 17 per cent. 

The influence of the DRC content of latex is illustrated by the following figures. 


Optimum K 
flour 
DRC concentration 


(%) (%) 
A 47.5 6 
B 30.3 14 
C 24.8 27 


Latex B was ordinary ammoniated plantation latex. One portion of this 
latex was centrifuged in a milk separator. 

Latex A was a mixture of latex B with centrifuge cream. 

Latex C was a mixture of latex B with centrifuge serum. 

Thus there were three latexes with different concentrations of rubber but with 
identical concentrations of serum (of course the average particle size varied 
somewhat). 

Figure 7 illustrates more clearly the influence of the K flour concentration 
in these three latexes. 


VI. INFLUENCE OF ELECTROLYTES ON THE DRY RUBBER CONTENT OF 
CREAM AND SERUM 


The influence of electrolytes on creaming has already been investigated at the 
West Java Experiment Station by G. M. Kraay (not published). The effect 
was especially conspicuous in latex which had been partially freed from serum 
components by repeated creaming. 

The influence of electrolytes or of serum components in general on creaming 
appears immediately in repeated creaming of latex. That is, every time the 
serum is drawn off a portion of the protein is removed. When the resulting 
cream is diluted with distilled water and creamed again, creaming is much less 
thorough, and by the third or fourth time no creaming can be observed at all. 
As will be discussed in the next section, this results from the pH value being 
’ too low by reason of insufficient ammonia concentration. For this reason aqueous 
ammonia should always be used for dilution in repeated creaming to maintain 
the needed ammonia content. But even when this precaution is taken, each 
successive creaming will be slower and less complete than the preceding one, 
chiefly because proteins and salts are being removed. 

For a systematic study of the influence of serum components on creaming, 
it would be well to start with latex from which serum components have been 
extracted as thoroughly as possible, so that the isolated components can be re- 
turned to the latex in varying quantities and their effects on creaming can be 
observed. 

For the present we shall limit ourselves to the influence of electrolytes. 
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In the tests described here, the concentration of creaming agent was always 
kept constant. For low protein latexes, 25 cc. of 1 per cent K flour solution was 
used per 100 cc. of mixture. For dialyzed latexes not in the low protein class, 
this quantity was changed to 200 cc. In every case the K flour suspension was 
freed from coarse particles by filtering through a cloth, so that these particles 
would not interfere in determining serum and cream volume. 


DRC of Serum é é 





ORC = 248. 


DRC = 47,5 “le 
DRC = 303 », 


x 62 
» @ 6&0 


detexn © 42R 


c.c. of K flour per 100 cc. of latex 
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Fic. 7.—DRG cream and serum as a function of the K flour concen- 
tration. (For latices of different concentrations.) 


A. Tests with Low Protein LaTex 


Ordinary plantation latex (2.5 liters) was creamed five times successively. 
The cream obtained after the fifth creaming was diluted with ammoniated water 
to a DRC content of 19.5 per cent, while the ammonia content was 26.05 milli- 
equivalents per liter. 

A series of tests was carried out with increasing concentrations of potassium 
chloride, potassium iodide, potassium thiocyanate, calcium chloride and barium 
chloride, but with the same rubber content. The separate series were always 
started at the same time. K flour was added only after the entire series had 
been provided with the specified quantity of electrolyte. 
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After two days, when the volume of cream did not undergo much further 
change, the cream and serum were drawn off separately and the DRC content 
was determined. This determination offered no difficulties in low protein serum. 
The results are shown in Table I. 

To repeat this test on a more extensive scale, four liters of latex were repeatedly 
creamed. To make sure that all electrolytes were removed, creaming was pre- 
ceded by dialysis for 24 hours with ordinary tap water. Creaming was carried 
out four times. 


Tass I 


INFLUENCE OF ELEcTROLYTES ON LaTex CrEAMED 5 TIMES 


Concentration DRC content 
millimols per r A ~ 
Electrolyte 100 Cream Serum 


47.6 0.46 
49.1 0.14 
48.3 0.10 
46.3 0.08 
45.3 0.02 
38.3 ? 

50.7 0.22 
50.2 0.18 
49.0 0.12 
47.0 0.06 
36.9 ? 

48.8 0.10 
47.1 0.06 
45.3 0.04 
50.2 0.08 
49.6 0.36 
49.9 0.36 
49.7 0.28 
45.5 0.22 
43.1 a 

47.6 0.58 
48.2 ' 0.56 
46.5 0.50 
42.4 : 0.34 
19.5 0.20 
18.3 ? 





The DRC content after diluting the cream was 17.7 per cent; the ammonia 
content 269.5 milliequivalents per liter; the nitrogen content 0.22 per cent of 
the total solids. 


The following series were prepared in this way: 


1. Addition of KCl, NaCl, LiCl and NH,Cl. 
2. Addition of KCl, CaCl,, AICl,. 

3. Addition of CaCl,, BaCl,, SrCl,. 

4. Addition of KCl, KBr, KI, and KSCN. 


Since the volume of cream changed very little after two days, it may be said 
that the observed DRC content gives a good idea of the final state in the cream- 
ing process. 
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Taste II 
Summary OF Resutts OsTAINED WITH D1ALyzep Low Prorein Latex 
(Mixture: latex 65 cc., 1 per cent K flour 25 cc., electrolyte solution 10 cc.) 


Concentration, Concentration, 
millimols DRC content millimols DRC content 
per 100 ———— per 100 
Electrolyte parts Cream Serum Electrolyte parts Cream Serum 


442 0.26 48.2 
428 0.08 48.4 
40.7 0.06 45.0 
35.0 0.04 40.6 
33.8 0.02 37.0 
32.6 0.02 35.6 
442 0.26 
44.1 0.20 
43.4 0.26 
418 0.22 
37.6 0.12 
28.2 0.08 
445 0.28 
43.8 0.28 
43.5 0.26 
426 0.20 
39.9 0.12 
33.2 0.04 
410 0.14 
40.7 0.10 
0.08 
0.10 
0.04 


. 
— 


0 
2 
4 
8 
2 
0 
2 
4 
6 
8 


=— 
TIRN OW OS 


38.6 
36.8 
13 36.4 


— 
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The following conclusions may be drawn from the experiments described above: 


A. EFFECTS ON CREAM 


1. Electrolytes have in general the property of decreasing the DRC content 
of the cream. 
. In some cases at low concentration they may increase the DRC content. 
. Divalent ions are effective at much lower concentrations than monovalent 
Trivalent ions are no more potent than divalent ions. 
. The descending order of activity for monovalent ions is: Li, Na, K. 
. For divalent ions the order of activity is: Ba=Ca>Sr. 
. The influence of anions cannot be arranged in a definite sequence. 
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B. EFFECTS ON SERUM 


1. Addition of electrolytes gives a clearer serum (see Figures 8 and 9). 

2. Again with respect to effect on the DRC content of serum, divalent ions 
are effective at much lower concentrations than monovalent ions, although the 
influence is less pronounced than in the cream. 

3. With respect to the rate of creaming, the following statement may be 
made: Creaming is always preceded by the formation of characteristic irregu- 
lar interstices filled with serum. It is evident that creaming begins suddenly 
here and there without affecting the remainder of the liquid. This phenomenon 
appears first in the vials with the lowest electrolyte concentrations. Homo- 
geneity is retained longest at the highest electrolyte concentrations. If so much 
electrolyte is added that the latex begins to coagulate, no creaming occurs at 


Fic. 8.—Creaming of dialyzed latex of low protein content with increasing amounts of BaCle; 
photograph taken after 48 hours. 


all. These phenomena are followed by the formation of cream:serum inter- 
faces. At first this interface is indistinct, but it becomes sharper as its level rises. - 
Movement of the interface is very irregular in the various samples, especially 
at the beginning. 

In most series, however, we were able to observe that the interface rose 
fastest at a definite electrolyte concentration, and that creaming was slowest at 
lower or higher concentrations. From this we concluded that the phenomenon 
of Conclusion A, 2, above is general, but can be distinctly observed only in 
exceptional cases. 

The various cream volumes resulting from various electrolyte concentrations 
are best observed after 1 to 10 hours. 

In time the differences become smaller. After 48 hours cream volume under- 
goes very little change, although differences are still distinctly discernible (see 
Figure 8). 
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B. Tests with Dia.izep LaTex or NorMAL Protein CONTENT 


We always used fresh ammoniated plantation latex, which was dialyzed at 
least 24 hours immediately after being received in the laboratory. Ordinary tap 
water was used for rinsing. About 1 to 12 hours after dialysis began, the con- 
centration of ammonia had fallen so low that it was necessary to add more 
ammonia. 

After dialysis was completed, ammonia was again added to bring the final 
concentration to about 5 grams per liter. 

Creaming tests showed precisely the same phenomena as with dialyzed low- 
protein latex. In every instance the observed differences were quantitative, not 
qualitative. 

The most conspicuous feature was the wide variability among various latex 
samples. Although the origin of the latex was always noted, no simple relation 
was observed. The situation was complicated still further by the fact that the 
tests coincided with the beginning of the shedding season. In general it may 
be said that the influence of electrolytes in this case is less than with low protein 
latex or, in other words, higher electrolyte concentration is necessary to produce 
the same effect. 

It may be seen in Table III, for example, that the electrolyte effect was ex- 
traordinarily small in latex 66 A; in fact so small that, even at a concentration 
of 16 millimols per 100 cc., there was no decrease in the DRC content of the 
cream. 

In contrast to Table II, it is evident in almost every case that at low elec- 
trolyte concentrations the DRC content of the cream first increases, then de- 
creases at higher concentrations. 

It may also be mentioned that the presence. of protein makes it difficult to 
determine the DRC content of serum. It was found necessary to hydrolyze these 
proteins before rubber in the serum could be coagulated with acid?°. 

In general it appeared that in creaming latex containing proteins the serum 
contains more rubber than in creaming low-protein latex. 


C. ParaFFIN EMULSIONS 


To ascertain whether an electrolyte has any influence in this type of cream- 
ing too, the following test was made. To 90 cc. of emulsion there were added 
5 ec. of 1% K flour solution and 5 cc. of potassium chloride solution at different 
concentrations such that the concentration of potassium chloride per 100 cc. 
of mixture was 0, 0.2, 0.4, 0.8, and 1.0 millimol. The results after 2 days are 
shown in Figure 9. 

_ These simple tests suffice to prove that, aside from specific differences, cream- 
ing of entirely arbitrary emulsions proceeds in exactly the same way as the 
creaming of latex. 


VII. INFLUENCE OF THE pH VALUE ON THE DRY RUBBER CONTENT OF 
CREAM AND SERUM 


Whereas in the preceding tests care was always taken to keep the pH value 
constant throughout the series by using neutral salts as electrolytes, special 
attention is devoted to the pH value in this section. 

From preliminary tests, the following conclusions had already been derived: 

1. The concentration of ammonia has no influence on creaming within wide 
limits unless it is allowed to fall below a certain level, at which creaming is 
much less effective. 
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Tas_p III 
INFLUENCE OF ELECTROLYTES ON CREAMING OF DiALYzep LaTex 


(Mixture: latex 70 cc., 1 per cent K flour 20 cc., electrolyte solution 10 cc.) 


Concentration, Concentration, 


millimols DRC millimols DRC 
per 100 ——--———_ per 100 
Electrolyte parts Cream Serum Electrolyte parts Cream Serum 
Latex No. 64A Latex No. 66A 
DRC 25.0 per cent DRC 28.4 per cent 
te, aaa 0 46.3 0.84 Pe 68s. 0 442 0.98 
2 43.6 0.52 2 45.2 0.60 
4 39.6 0.38 : 4 458 0.60 
8 31.5 0.20 8 45.4 0.44 
12 27.1 0.13 12 45.2 0.46 
16 23.3 -— 16: ° 449 0.46 
Nias 0 46.3 0.84 NRO Ais 0 442 0.98 
0.025 46.3 0.76 2 453 0.56 
0.05 46.0 0.78 4 458 0.44 
0.1 45.2 0.72 8 45.9 0.48 
0.2 42.2 0.52 12 45.7 0.42 
03 37.8 0.45 16 45.3 0.42 
AIC: 04:3: 0 46.1 0.82 | Oe 0 44.2 0.88 
0.025 46.9 0.64 2 454 0.56 
0.05 46.6 0.62 4 45.7 0.46 
0.1 46.4 0.58 8 45.3 0.34 
0.2 45.5 0.52 12 44.7 03 
0.4 38.2 0.34 16 44.5 0.30 
0.6 33.6 0.23 
Latex No. 71A Latex No. 72A 
i o- Sar 0 49.9 0.92 PRE wd 0 416 0.88 
0.2 50.6 0.76 . 6 43.3 0.54 
0.5 48.2 0.52 12 423 0.50 
0.7 46.2 — 20 40.7 0.48 
1.0 coag. - 30 38.8 0.42 
1 ees 0 49.9 0.92 40 37.1 0.42 
0.1 50.0 0.86 LS) ee 0 416 0.88 
0.35 49.9 0.70 ; 12 42.2 0.48 
0.5 46.2 0.56 20 40.0 0.44 
0.65 39.2 0.38 30 379 0.40 
40 34.0 0.36 
BaCl, ..... 0 48.9 0.84 MM ik 0 408 0.74 
0.25 48.2 0.60 6 32.9 0.46 
0.35 42.5 0.22 12 41.1 0.42 
0.5 almost no 20 38.7 0.42 
creaming 30 32.9 0.34 
0.65 no coag. 40 18.5 _— 


This lower limit is, however, somewhat above the minimum quantity required 
to keep latex in good condition for 2 or 3 days. 

2. The addition of small amounts of sodium hydroxide or of potassium hy- 
droxide sometimes gives.a richer cream. 

Tests: Normal plantation latex ammoniated with 20 cc. of 18 per cent aqueous 
ammonia was diluted to twice its volume with distilled water and creamed with- 
out adding ammonia or potassium hydroxide. 

Now the ideal procedure would be to carry out a series of cream tests in which 
all other factors remain constant while the pH. value is varied. Unfortunately 
this is impossible. It must be remembered that as the pH value changes, the 
salt concentration also changes. The change in pH with changing content of am- 
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Fic. 9.—Influence of the electrolyte concentration on the creaming of a paraffin emulsion. 


monium hydroxide or sodium hydroxide depends on the buffer capacity of the 
latex sample. This is illustrated by the data in Tables VI and VII (the pH 
determinations were made with a Leeds-Northrup glass electrode calibrated with 
borate: NaOH buffers as described by Sérensen, while the pH value was also 
measured against the H electrode as a control). 


TABLE IV 


Extra 18% 

NH,OH per 10% KOH per 

100 cc. of 100 ce. of DRC 
mixture mixture (Cream) 


0 25.61 
13 44.96 
15 47.54 
14 31.56 


From this it may be seen that: (1) Normal latex has a much greater buffer 
effect than dialyzed latex; (2) within very wide limits the pH value changes 
but little with change in the concentration of ammonium hydroxide; (3) in 
ordinary latex the pH value cannot be raised above 10.4, and in dialyzed latex 
above 11.0 by adding ammonia. These limits can be exceeded only with sodium 
hydroxide. 

For dialyzed low-protein latex, the titration values lie between those for pure 
water and dialyzed latex. 

Next we made tests with varying ammonium hydroxide and sodium hydroxide 
content, while measuring the pH value of the mixture. The results are shown 
in Table V. 
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It may be seen that the maximum creaming occurs between pH values 
10.8 and 11.8, and that the DRC content of serum is also highest in this pH 
range, decreasing at lower or higher pH levels. 

In the ammonia series, the maximum creaming occurs in the pH range 9.6 to 
10.2. It is evident that the values in the sodium hydroxide series are entirely 
different. This is because of the great difference in cation concentration. 

The values in the ammonia series nearly coincide with those for dialyzed latex. 


TABLE V 


INFLUENCE OF THD PH VALUE ON CrREAMING. A. DiALyzEp Low-Protein LaTex 
(In1TIALLY ConTAINING AMMONIA) 


DRC 
Added Milliequiv. r a ~ 
substance per 100 ce. pH Cream Serum 
Formic acid ; 9.4 27.5 not deter- 
mined 
04 98 36.2 0.04 
0.2 10.2 418 0.10 
0 10.9 43.9 0.24 
05 11.2 443 0.20 
1.0 11.9 43.5 0.20 
5 12.9 29.3 — 
10 13.1 27.0 0.025 





TasLe VI 


INFLUENCE OF PH on CrEAMING. B. DiAtyzep Latex (IniT1ALLY NH:;-FREe) 


Amount of NH; DRC 
milliequiv. per A 





pH Cream Serum 

9.34 39.4 0.54 

9.71 48.6 0.76 
10.08 49.1 0.82 
10.22 48.4 0.84 
10.56 40.4 0.74 
10.65: 31.5 0.48 
10.67 31.4 0.45 


10.86 42.27 0.74 
12.26 Scarcely any creaming 
12.66 No creaming 
12.72 No creaming 


VIII. DISCUSSION OF RESULTS 


On surveying the results of the above experiments, it is evident that the 
basis of all these phenomena must be sought in the electric charge on the 
rubber particles. Indeed it is known' that the addition of electrolytes de- 
creases the charge on the rubber particles. The same is true when the pH value 
of the medium is changed*?: 12, On adding sodium hydroxide the charge in- 
creases, passes through a maximum and decreases again. Electrolyte influence 
is a very general phenomenon in colloid chemistry, while the influence of the 
pH value on the charge is characteristic of proteins and phosphatides, among 
others. 

The most striking feature of the data in Tables I and II is the close resemblance 
to electrophoresis data (for example, see Kruyt, “Colloids”, p. 83). Assuming 
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Taste VII 


INFLUENCE OF THE PH VALUE ON CREAMING oF OrDINARY PLANTATION LATEX, NOT 
AMMONIATED 


Amount of NH,OH pH DRC 
milliequiv. per r A : 
100 ce. Cream Serum 
18 9.17 No creaming, but after 
3 days coagulation 

30 9.61 478 0.54 

42 9.78 49.0 0.75 

60 10.14 49.0 0.75 





9.35 Creaming, but after 3 
days coagulation 
2 0. 


9.92 : 
10.83 51.3 0.63 
11.6 No creaming 


for the present that the charge is actually the principal factor we find another 
remarkable resemblance. 

When quartz particles are suspended in water and the suspension is allowed 
to stand, the quartz particles settle to the bottom and occupy a certain volume, 
the socalled sedimentation volume. Now if an electrolyte is added which de- 
creases the charge on the quartz, the sedimentation volume should increase. If 


Sedimentation volume 








Concentration of AICl3 


Fig. 10.—Influence of AlCls on the sedimentation volume of quartz particles. 


an electrolyte such as aluminum chloride is added, which is capable of re- 
versing the charge on the quartz particles, we have the following curve (see 
von Buzagh, “Kolloidik”, p. 172). 

Aside from a number of other factors, such as particle size-and shape sedi- 
mentation, the volume thus depends on the charge carried by the particles. 
An explanation of this phenomenon!* must be sought in the assumption that as 
the charge decreases the ease with which the particles slip past each other also 
decreases (the cohesive power increases). 
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In this connection we call attention to the following facts: 

1. It has been pointed out by van Dalfsen'* that the average creaming 
capacity of latex, regardless of pretreatment, is greater, the lower the viscosity. 

2. Substances such as soap and the like, which lower latex viscosity, lead 
to increased creaming", 

3. A few preliminary tests show with certainty that the addition of electro- 
lytes increases the viscosity of latex. 

That the charge on latex particles has its influence here also.is evident from 
the fact that the viscosity of latex is lower at a higher pH value (ammonia 
added) than at a lower pH value. 

Summarizing, we arrive at these conclusions: 

1. An increased charge gives low viscosity and good creaming. 

2. A decrease in the charge gives high viscosity and poor creaming. 

To explain these phenomena, we have adopted the following hypothesis: 

In latex, and most probably also in a majority of emulsions, the particles 
do not move independently of each other, but exert certain mutual influences. 
The particles apparently have an inherent tendency to form agglomerates (pre- 
agglomeration). This tendency is in fact so strong in the paraffin emulsion 
which was prepared in the present work that visible agglomerates were formed 
(see Section V). This preagglomeration increases the resistance to deforming 
forces (high viscosity). At higher rubber concentrations, i.e., when the particles 
are situated closer together they impede each other more because of increased 
viscosity. Finally, when the particles are so close together that they occupy 
nearly all the space, this hindrance becomes very great, with the result that the 
viscosity increases rapidly. 

Mutual hindrance is diminished by an increase in ‘the charge on the particles 
and, conversely, it is increased by a decrease in the charge. 

In conformity with Twiss and Carpenter, it may be assumed that the addi- 
tion of a creaming agent results in a linking of the latex particles to the cream- 
ing agent molecules, without depriving them entirely of kinetic mobility. Thus 
it is still possible for them to slip past each other and seek the lowest energy - 
positions (see Section III, C). The smaller the mutual hindrance, the more 
easily and completely this should be accomplished. 

It is self-evident that latex viscosity has some influence on the rate of creaming 
(ef. van Dalfsen, loc. cit.). 

The hypothesis now presented, however, explains why the viscosity also 
influences the creaming equilibrium ultimately attainable. 

It is also clear that rapid creaming is connected with the attainment of a 
high cream concentration. 

It may be noted that the viscosity of the latex itself is not so important as 
the viscosity of the cream layer. This, however, is not strictly true, since the 
DRC content when between 50 and 60 per cent, has a very strong influence on 
the viscosity, so that a better criterion of the creaming capacity is available 
than by viscometry in the less concentrated initial latex, since the DRC con- 
tent has little influence on the viscosity in that range. Thus viscometric data 
for cream give more information concerning the internal state of latex. 

It is not impossible, however, that the ultimate attainable concentration of 
cream is subject to a limit imposed by viscosity, i.e., that a certain maximum 
viscosity cannot be exceeded. 

Experimental investigation of this point is one of the objects of our next 
experimental tests. 


4 
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IX. FORCES OF REPULSION AND ATTRACTION ON LATEX PARTICLES 


In the preceding section we discussed the mutual hindrance of latex particles 
within certain distances from each other, but without going into detail con- 
cerning the nature of this hindrance. 

We shall discuss here in a very sketchy way how this hindrance can originate. 
However, to avoid offering explanations which do not really explain, we must 
also keep in mind all other phenomena of latex behavior. 

It has already been explained that the electric charge carried by a latex par- 
ticle is governed by the protein molecules adsorbed on the surface, and that this 
charge is distributed at various points over the surface. Thus the particle is 
surrounded by an electric field of force, the intensity of which is greatest close 
to the surface of the particle, and decreases as the distance from the particle 
increases. The actual course of this intensity as a function of distance may be 
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Fig. 11. 


disregarded, but it may be supposed that it can be represented by curve A 
in Figure 11. 

When the pH value of the medium is decreased, the degree of dissociation of 
the COOH groups in protein molecules decreases, and consequently the num- 
ber of negatively charged points also decreases. In that case the course of in- 
tensity can be represented, for example, by curve B in Figure 11. 

When the concentration of electrolyte in the medium is increased at a constant 
pH value, the distribution of ions around the charged particle (socalled “counter- 
ions”) changes, with the result that the change in the field intensity is no longer 
represented by curve A but by curve C in Figure 11. 

In this case the charge at the surface remains the same, but its range of ef- 
fectiveness is diminished. Now colloid chemical behavior as well as stability and 
speed of electrophoresis is governed by electrical state, not so much at the 
immediate surface of the particle as at some distance therefrom. Therefore it 
is clear that the rate of electrophoresis will be lowered by lowering pH (curve B) 
as well as by adding electrolyte (curve C). It is quite common to speak of a 
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decreased charge for the sake of brevity when what is actually meant is ad- 
dition of electrolyte. This term, however, is not strictly correct. 

Attraction forces, present at the particle surface and inherent in the substance 
itself, have already been mentioned in discussing cream syneresis. Investiga- 
tors who have formulated these forces mathematically refer to London and 
van der Waals forces. These forces also are quite large at the surface of the 
particle, and become smaller as distance from the particle increases. 

Clearly the behavior of colloidal particles is governed by the sum of the forces 
of repulsion and attraction. It should be noted in such considerations that it is 
better to use the term “energies” or “potential”. It should also be clear that 
potentials are obtained by integrating field intensity curves. 

. In lyophilic colloids, we are concerned not only with electrical repulsion but 
also with repulsion resulting from hydration. In the following discussion we shall 
refer simply to repulsion energy without any more exact definition. 

Figure 12 illustrates the result of combining a repulsion curve with an at- 
traction curve’. In this figure the repulsion curve is represented by R and the 
attraction curve by A. Energies corresponding to A are negative, but curve A 
is drawn above the abscissas. 

Curve T' is obtained by combining curves R and A. The significance of curve T 
is this. When two particles approach each other within a distance which brings 
them each within the other’s sphere of action, their total energy increases. Ac- 
cordingly they repel each other. 

Now suppose that two particles meet with such an impact that their kinetic 
energy suffices to surmount the energy peak represented by curve 7. They 
will then pass the top of curve 7’, but quickly thereafter they drop to energy 
level M. In other words the particles now occupy fixed positions with respect 
to each other and are pressed together by a large force. This phenomenon is 
known as irreversible flocculation. Thus it is clear that irreversible flocculation 
can be effected in various ways; namely: 

1. By heating the solution. This imparts such high kinetic energy to particles 
that, in favorable cases, impact can lead to irreversible flocculation (heat co- 
agulation of latex). : 

2. By intensive stirring of the solution. This also drives the particles forcibly 
into contact with each other. 

3. By lowering the repulsion curve 7 to coincide with curves B and C in 
Figure 11. The normal kinetic energy is then sufficient to carry the particle 
over the peak. This can be accomplished by lowering the pH value or by add- 
ing a salt (latex coagulation by acids and salts). For the sake of completeness 
it may be added that curve R can also be lowered by decreasing the energy 
of hydration (latex coagulation by alcohol). 

As already stated, the electric charge is distributed in points over the 
particles. In coagulation the particles must seek those points at which the 
energy peak is most easily surmounted. This explains why coagulation usually 
takes some time. 

Referring once more to the phenomena of creaming and viscosity, it is evi- 
dent that the presentation given in Figure 12 is incomplete. Indeed the 
phenomena which have been discussed give a strong impression that there 
must be an energy minimum at a substantial distance from the particle, the 
depth of which is dependent of the electric charge carried by the particles, but 
which is always flat enough so that the particles are quickly released again. 

The concept illustrated by repulsion and attraction curves shows that such a 
minimum is quite possible. 
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The lower the secondary minimum the more difficult is it for particles to 
escape from each other, that is, the greater is their resistance to repellent forces. 
In other words, the greater the viscosity the more difficult it is for particles in 
the cream to slip past each other. Moreover this minimum offers a logical ex- 
planation of thixotropy in latex’. 

The low energy level M, is responsible for irreversible coagulation phenomena, 
as indicated in the curves shown in Figure 12. 

The problem now is whether reversible cohesion of creaming agent molecules 
to latex particles must also be attributed to the occurrence of energy minima 
at a large distance from the particle. 

That this cohesion also depends on the charge carried by the particles is evi- 
dent from the fact that the optimum K flour concentration depends on the con- 
centration of electrolyte (see Section IV, c). 

In our opinion it is quite possible that secondary minima are responsible 
for cohesion between latex particles and the molecules of creaming agent. It 
should be kept in mind, however, that as for the creaming agent molecules it 
is only known with certainty that they are negatively charged. For the present 
it is impossible to discuss the forces of attraction and repulsion on these elongated 
molecules. Allowance must be made also for the possibility that positive charges 
must also be formed through the presence of induced or permanent dipoles 
(this possibility was called to our attention by R. Houwink). As a matter of 
fact such positive charges could also effect the cohesion of creaming agent 
molecules to latex. 


X. SUMMARY 
Section II. THe ForMATION oF AGGLOMERATES 


Several investigators have already observed the formation of clusters on the 
addition of a creaming agent to latex (Figures 1 and 2). In strongly diluted latex 
these clusters migrate individually to the surface of the liquid, thus forming a 
growing cream layer. Meantime the serum becomes brighter (Figure 3). 

In latex of normal concentration the phenomenon is apparently quite dif- 
ferent. Here the clusters adhere to each other, forming a network which moves 
as a whole to the surface of the liquid. So the cream-serum boundary moves 
upward (Figure 4). 


Section III. THe Mecuanism or Ciuster ForRMATION 


A. The clusters formed on addition of a creaming agent redisintegrate on 
dilution with water. Microscopic investigation shows that this redisintegration 
or redispersion occurs very readily when the cream is “young”, but takes a 
certain, however short time, when the cream is “old” (see Figures 5A and B), 

B. When on addition of creaming agent to latex a centrifugal force is applied, 
the cream layer is formed at once. The density of the cream formed is not so 
much a function of the magnitude of the centrifugal force applied, as it is of 
the time elapsing after the addition of creaming agent and centrifuging. 

C. The observations under A and B lead to the conclusion that agglomera- 
tion or clustering is very loose in the beginning, but with time becomes more 
compact. A denser cream is formed and serum is expelled. 

Independent of Twiss and Carpenter we too come to the conclusion that two 
phases must be distinguished in the creaming process: a cluster migration and a 
network shrinkage. 

The network shrinkage is called by us cream-syneresis in analogy to other 
phenomena of that kind and a colloidal explanation is given mutatis mutandis. 
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CREAMING OF LATEX 


Section IV. ExpianaTIon oF CLUSTER FoRMATION 


A. The explanation given by Vester is discussed. The formation of a coacervate 
and the réle played by the proteins in this process are not in accordance 
with the facts. 

B. The explanation given by Twiss and Carpenter is discussed. The agree- 
ment with the facts is fairly good, but the true cause of the anchoring effect 
needs a closer investigation. 

C. Attention is drawn to the mirror process of creaming, the sedimentation 
of coalwashery effluent. The mechanism of this process may be similar to the 
mechanism of the creaming process. 


Section V. INFLUENCE OF THE CONCENTRATION OF THE CREAMING AGENT ON THE 
DRC ConTeNT oF CREAM AND SERUM 


On increasing the amount of creaming agent, the serum becomes brighter, but 
the DRC content of the cream decreases. This is not restricted to latex, because 
on creaming a paraffin emulsion similar phenomena are experienced (Figure 6). 

The amount of konnyaku flour which gives the best creaming depends on the 
concentration of the latex (Figure 7). 


Section VI. Tue INFLUENCE OF ELECTROLYTES ON THE DRC ConTENT oF CREAM AND SERUM 


A. Experiments with dialyzed latex of low protein content show that, on increas- 
ing the concentration of electrolytes, the DRC content of the cream generally 
drops. At the same time the DRC content of the serum drops too (Figure 8). 

B. Dialyzed latex of normal protein content behaves in a similar way, but the 


influence of electrolytes is less pronounced (Table III). 
C. A paraffin emulsion shows similar phenomena. 


Section VII. Tue INFLUENCE OF THE PH VALUE ON THE DRC Content oF 
CREAM AND SERUM 


Creaming is only possible between certain intervals of the pH value. At lower 
and at higher hydrogen ion concentrations, the DRC content of the cream 
rapidly decreases. 


Section VIII. Discussion oF THE RESULTS 


The phenomena described in Sections VI and VII show that the electric 
charge of the latex particles has a large influence on the creaming capacity. 
Factors affecting this charge (electrolytes and pH value) affect also the cream- 
ing capacity of the latex. 

Attention is drawn to the analogous behavior of quartz particles when settling 
in water containing different amounts of aluminum chloride (Figure 10). 

The sedimentation volume is small when the electric charge of the particles 
is high. An explanation given is that, when the electric charge decreases, the 
tendency of the particles to adhere increases (Von Buzagh: “Haftfahigkeit’’). 

Attention is drawn to the following facts: 

1. Van Dalfsen has shown, that the mean creaming capacity of latex is higher 
when the viscosity is lower. 

2. Chemicals lowering the viscosity of latex, e.g., soap, increase the creaming 
capacity. 

3. We have found that the addition of electrolytes (lowering the charge of 
the particles) increases the viscosity of latex. 

When the charge is increased by addition of ammonia, the viscosity is lowered. 
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Summarizing, we come to the following conclusions: 

1. Increased electric charge gives low viscosity and good creaming. 

2. Decreased electric charge gives high viscosity and poor creaming. 

To explain all these phenomena, we assume that in latex, and probably inmost 
concentrated emulsions, the particles do not move independently, but exert a 
certain influence on each other (hindering effect or tendency to agglomeration). 
The higher the concentration of the latex, the greater the hindering forces, and 
the greater the viscosity. The higher the charge of the particles, the higher the 
repulsive forces, the lower the hindering forces, and the lower the viscosity. 

In accordance with Twiss and Carpenter, we assume that on addition of 
creaming agent the latex particles are chained together by the molecules of 
the creaming agent without losing all their kinetic mobility. So they are able 
to slide along each other and to occupy positions with the lowest energy; these 
can be reached better and easier when hindering forces are smaller. 

It is now clear why viscosity not only influences the velocity of creaming, but 
also the DRC content of the cream obtained. 


Section [X. Reputsive anp ATTRACTIVE Forces AT THE SURFACE OF A LATEX PARTICLE 


To explain the hindering forces of the particles, mentioned in the preceding 
chapter, a general theory is developed based on the views of Hamaker, regarding 
attractive and repulsive forces at the surface of a colloidal particle. 

The theory can explain the irreversible phenomena as coagulation by acids, 
electrolytes, alcohol, heat and mechanical forces as well.as the reversible phe- 
nomena, 7.e., the mutual hindering of the particles at fairly large distances from 


each other and the formation of clusters on addition of a creaming agent. 
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THE PRESERVATION OF LATEX BY 
STERILIZATION IN THE PRES- 
ENCE OF A BUFFER 
SOLUTION * 


W. S. Davey and F. BEELEy 


RuBBER RESEARCH INSTITUTE OF MALAYA, KuaLa Lumpur, FEDERATED Mauay States 


It is well known that commercial latex is preserved with either a fixed alkali 
such as caustic potash or a volatile alkali such as ammonia, although various ob- 
jections may be cited against each of these types of material. The fixed alkali re- 
mains in the rubber if the latex is dried by evaporation and may affect materials 
with which it comes into contact, or it may introduce other features, such as an 
increase in the water-absorption capacity of the rubber. On the other hand the 
volatility of ammonia is objectionable to operatives on account of its odor; it 
has to be removed by air-blowing before the latex can be utilized in certani proc- 
esses, otherwise inferior products are obtained; it is also relatively expensive to 
the producer. 

For these reasons the problem of finding alternative materials as preservatives 
of latex has occupied the attention of the producers’ research organizations for a 
considerable time, and the properties of a number of bactericides have been in- 
vestigated in the laboratories of the Rubber Research Institute of Malaya. The 
results of these investigations have been published periodically in The Journal 
of the Rubber Research Institute of Malaya. 

It was found by Rhodes! that materials such as the alkyl salts of mercury, 
compounds of arsenious oxide and the sodium salts of chlorinated phenols are 
efficient preservatives of Hevea latex, but in all cases only if a small amount of 
ammonia is present to raise the pH of the latex to the neighborhood. of 8.0, or 
alternatively if a sufficient quantity of the preservative is used, as in the case 
of sodium pentachlorophenate, to attain approximately the same pH value. 
Owing to their poisonous nature the use of some of the materials mentioned 
above is impracticable, but sodium pentachlorophenate is known to have com- 
mercial possibilities. 

Spence? has criticized the use of alkalies, such as ammonia, on the grounds that 
“they merely delayed or lessened the natural tendency of fresh latex to decom- 
pose and coagulate without eliminating the cause for those chemical and physi- 
cal changes which find their expression in the constantly changing properties of 
the final coagulum”. He added that “latex is still far from being a stable article 
of commerce and there are many practical difficulties in connection with its use”. 
Presumably in support of the above, Spence used the following extract from an 
address by Rhodes* before the Rubber Section of the American Chemical 
Society: “When latex is won from a tree under practical conditions, it is con- 
taminated by bacteria. This contamination cannot be prevented in practice. 

. The acidity which the bacteria produce causes premature coagulation in 
the field, which can be prevented by the addition of small quantities of either 
sodium sulfite or ammonia. But the amounts in which they are used are not 


* Reprinted from The Journal of the Rubber Research Institute of Malaya, Vol. 10, Communication 
no. 249, pages 67-77, June 1940. 
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sufficient to kill the bacteria. They do not sterilize the latex, and although the 
latex may appear to be satisfactory, the bacteria are still at work, producing de- 
composition in the latex components. Varying degrees of bacterial contamination 
and activity from day to day can, therefore, make only for a further adventitious 
variability in latex composition”. 

The italics in the above quotation are Spence’s, and the inference which one 
might draw is that active bacteria are present in all ammonia-preserved latex, 
whereas the above extract refers to latex treated in the field with small quan- 
tities of ammonia insufficient to sterilize the latex. The existence of bacteria in 
latex depends on the extent of ammoniation, and although periodical infection 
may occur through contact with the atmosphere, if it is adequately preserved, 
bacteria cannot survive and for practical purposes sterility is maintained. 


TaBLe I 


BAcTeRIAL PopuLATION (IN THOUSANDS) PER CC. OF LATEX PRESERVED WITH 
VARIOUS QUANTITIES OF AMMONIA 


Latex A Latex B Latex A 
XX 





_ 
Ammonia (per cent) 
—_ = 





Days after r 
preservation 0.1 0.2 0.5 2 1.0 


11 a,m. 1,300 1,500 5,000 1,000 
3 p.m. 9,000 2,500 2,000 1,000 
300 200 <10 
83,600 150 100 0 
Coagulated <100 5 Sterile 
<100 
<100 


Sterile 


0 
1 
2 
3 
4 
5 
6 
7 
8 
9 


Sterile 


0 
Sterile 


Data taken from our records showing the fluctuations in the bacterial popula- 
tions of 1 cc. of latex in the period after collection and preservation with different 
amounts of ammonia are shown in Table I and also in Figure 1, in which the 
logarithms of the bacterial populations are plotted. The figures in the columns 
of Table I under 0.1, 0.2 and 1.0 per cent ammonia were derived from identical 
latex (A) taken from the same task at the same time. This was a latex having 
a low initial bacterial population. On the other hand, the figures in the columns 
under the headings 0.5 and 0.7 per cent have been obtained from an average type 
of field latex (B), with an infection higher than A at the time of ammoniation. 

In the case of latex A, 0.1 per cent ammonia was insufficient to prevent a large 
outburst of bacterial activity on the third day, resulting in coagulation. With 
0.2 per cent ammonia, a small increase in bacterial content occurred on the after- 
noon of the day of collection, and it will be observed that renewed activity oc- 
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curred on the fourteenth and eighteenth days before sterility was attained after 
21 days. If this latex had had a higher initial infection, produced, for example, 
by delaying ammoniation, the initial outburst would have been greater and prob- 
ably would have resulted in early coagulation. This is illustrated in the case of 
latex B, preserved with 0.5 per cent ammonia. Here the initial infection was 
higher, and there was a relatively larger outburst of activity on the fourth day 
before sterility was attained on the tenth day. Larger amounts of ammonia 
prevent this activity, as shown in the examples of the latex preserved with 0.7 
and 1.0 per cent, where, apart from a relatively small increase in the case of the 
former on the second day, a gradual decrease in bacterial numbers occurred, and 
sterility was attained on the seventh and third days, respectively. Changes were 
observed by Beeley* in the bacterial population of a bulked estate latex which 
was not very clean and in which further contamination, possibly from the col- 
lecting buckets and other utensils, caused an even greater increase in bacteria 
numbers, attended by a greater accentuation of the bursts in bacteria develop- 
ment. In such cases the risk of coagulation after ammoniation is correspond- 
ingly greater, particularly if only a small amount of ammonia is added. Hence 
the recommendations to producers to use not less than 0.70 per cent ammonia for 
the preservation of estate latex. 

The sterility of efficiently preserved latex is confirmed also by the small quan- 
titative changes which take place in its components over a period of storage. 
It has been ascertained that the changes in rubber and ammonia contents over 
a period of storage are very small (unpublished London Advisory Committee 
Report) Davey and Coker® have shown that a latex having an original ammonia 
content of 0.77 per cent and a dry-rubber content of 36.2 per cent had, after keep- 
ing for one year, an ammonia content of 0.79 per cent and a dry-rubber content 
of 35.8 per cent. The change in the dry-rubber content is negligible compared 
with that which takes place when rubber is broken down into “water-soluble 
products” by mould. Bishop and Fullerton*®, however, observed an appreciable 
change in ammonia content during a similar period when the latex was not sterile. 

It is realized that considerable changes in the stability of latex take place 
during storage, justifying to some extent the description that it is not a “stable 
article of commerce”. The stability of latex increases during a period of several 
months after preparation, and then gradually decreases. These changes are not 
a result of the presence of active bacteria, but are caused by the presence of 
ammonia, of naturally occurring enzymes, or of enzymes formed in situ from bac- 
teria before the latter are destroyed, each of which may react with the non- 
rubber substances, gradually altering the nature of the protective coating on 
the rubber particles. Moreover evidence has been accumulated by Roberts’ to 
show that the changes which occur in latex are very marked in the period sub- 
sequent to ammoniation and, further, that it is the natural variation inherent in 
a plant product such as latex which causes the chief difficulties to the manu- 
facturer during processing. 

Spence sought to eliminate “the objectionable changes known to develop in 
ammonia-preserved latex and to produce a stable product, free from the prac- 
tical difficulties resulting from the presence of alkali in latex” by investigating 
the factors which affect the stability of Hevea latex deammoniated by dialysis, 
and by making studies with latex from the Guayule plant. The method adopted 
was to buffer the latex with a solution of M/20 sodium dihydrogen phosphate 
containing the requisite amount of M/20 caustic soda to produce a mixture 
having a pH of approximately 7.0. It was shown that “the stability of the latex 
was largely dependent on its reserve buffer strength, and that by increasing this 
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strength by the use of an artificial reserve of buffer solution having the same pH 
as that of the latex itself, the stability of the latex could be maintained over a 
prolonged period of time without coagulation taking place; that fresh latex 
adequately buffered in this way could be heated to temperatures well above those 
employed in modern bacteriological practice without coagulation ensuing. These 
observations paved the way for a permanently stable and neutral sterile latex”. 

A method claiming such results must command the attention of those inter- 
ested in the preservation of latex. The method claims to eliminate the use of 
alkalies and bactericides, either or both of which have hitherto. been and, in view 
of the experiments described below, still are considered indispensable for the 
satisfactory preservation of latex. It is uncertain as to how far experiments 
were made with fresh latex, but in view of the statements that “sterile latex 
prepared in the East remained uncoagulated as far as it is possible to determine” 
and later that “at long last fresh Hevea latex can be shipped to any part of 
the world”, the authors felt justified in assuming that the method was suitable 
for the preservation of fresh latex, and have endeavoured to ascertain if this 
process has any commercial possibilities. 


EXPERIMENTAL 


The buffer solution was prepared by adjusting the proportions of M/20 solu- 
tions of caustic soda and sodium dihydrogen phosphate to obtain a solution of 
pH 7.0. The proportions required were found to be 500 cc. of M/20 NaH, PO,,H,O 
and 230 cc. of M/20 NaOH, and therefore 1 cc. of buffer solution contained 
0.00473 gram of NaH,PO,,H,O and 0.00630 gram of NaOH. 

Various proportions of the buffer solution were added to 100-cc. units of fresh 
latex (d.r.c. 38 per cent) from the Rubber Research Institute Experiment Station, 
and the mixtures (1) were allowed to stand without having been heated, and (2) 
were heated in an air oven for 2 hours at 100° C. In every case after standing 
for a period of 24 hours the mixtures showed a tendency to coagulate or curdle 
and were very unstable. 

The particulars of the mixtures used are shown in Table II. 


TABLE II 


NaHeP0,, 
H:0 


Volume NaOH 
buffer in mix in mix 
(ce.) (Per cent) (Per cent) 


10 0.0430 0.0057 
0.0788 0.0105 
30 0.1014 0.0145 
0.1351 0.0180 
0.1576 0.0210 
0.1773 0.0236 
0.1948 0.0260 
0.2102 0.0280 
0.2240 0.0298 
0.2365 0.0315 


SOON OMP WON 


a 


A second series of samples were prepared, one-half of which was stored at 
room temperatures and the other half heated in an autoclave at 15 lbs. pressure for 
20 minutes. Again the resultant mixtures were unstable, and either clotted or 
coagulated within a short time. It appears that the method is unsatisfactory for 
the preservation of fresh latex with the quantities of buffer solution used. With 
the larger amounts of buffer solution it was observed that coagulation was not so 
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marked, probably due to the dilution effect. The addition of still larger amounts 
would necessitate further dilution, and would therefore be outside the bounds of 
practical considerations. 

The data relating to the second series of experiments are shown in Table III. 


Tas_e III 


NaHoPO,, Condition on storage 
Volume Volume H.O NaOH A 

Sample _latex buffer in mix in mix pH Not 
No. (cc.) (ce.) (Per cent) (Per cent) mix sterilized Sterilized 


1 100 25 0.0946 0.0126 65 Coagulated Clotted on 
next day ek “ii 
O. 





100 ©~=—-: 50 0.1576 0.0210 66 o. 
100 75 0.2028 0.0270 66 do. do. 
100 ~—-:100 0.2365 0.0315 66 do. do. 


Spence has stated that the variation which occurs in the pH of latex of the 
same species is slight and, in the case of Hevea latex, does not extend beyond 
the range of substantial neutrality. There is by no means unanimity as to the 
actual pH of fresh latex, values ranging from 5.8 to 7.2 having been indicated 
by different workers, e. g., Belgrave®, Bobilioff®, Hauser and Scholz!°, and van 
Harpen"?. This variation is due probably to the use of different methods of 
determination rather than to inherent differences in Hevea latex from different 
sources. The pH of the latex used in the experiments above (Table III) was 6.5 
(determined by the glass electrode), and to simulate Spence’s conditions it was 
brought nearer to neutrality by the addition of a small amount of ammonia. 

Three samples of latex thus treated were buffered and sterilized in a manner 
similar to that of the previous series. The results are shown in Table IV. 


TaBLe IV 


NaHoP0,, Condition on storage 
Volume Volume H20 NaOH r A \ 

Sample latex buffer in mix in mix pH Not 
No. (ce.) (ee.) (Per cent) (Per cent) mix sterilized sterilized 


1 100 25 0.0946 0.0126 6.9 Coagulated Coagulated 
in 1 day on auto- 
claving 
100 50 0.1573 0.0210 6.9 Coagulated Coagulated 
in 1 day on auto- 
claving 
100 100 0.2365 0.0315 6.9 Coagulated Curdy after 
in 1 day 12 days 





Sample No. 3, autoclaved, was still fluid after seven days, and on opening 
the container, it was observed that the latex was also sweet. After a further five 
days, however, the latex clotted, probably owing to its being nonresistant to 
bacteria which were admitted when the container was opened. The results of 
this series were therefore slightly less unsatisfactory than those of the un- 
ammoniated samples, but could not be considered of practical value. 

It is known that ammoniated latex, even after deammoniation, behaves in 
many ways differently from fresh latex. Complete deammoniation of latex is 
difficult, but it was considered advisable to ascertain the effect of the steriliza- 
tion-buffer process on this type of latex, as used by Spence. Latex which had 
been stored for two months was deammoniated to a methyl red titer of 0.03 
per cent, and subsequently sterilized (autoclaved) after buffering with various 
amounts of buffer solution. The results are shown in Table V. 
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The results shown in this series are not so unsatisfactory as those of the pre- 
vious series. All the latices were in a fairly good condition after storage for 
periods up to 3 weeks, but after this they showed signs of deterioration, and 
after 4 weeks all the samples had coagulated. It was observed also that the 
buffered deammoniated latices were not superior to the unbuffered deammoniated 
latices, indicating that buffering was not of material value. 

As a result of these experiments the following general conclusions are drawn. 

(1) That diluted fresh latex, buffered or unbuffered, is more resistant than 
concentrated latex to clotting and coagulation on sterilization by autoclaving. 

(2) That deammoniated latex is more resistant than fresh latex to clotting 
or coagulation on sterilization by autoclaving. 

(3) That buffered latex sterilized by autoclaving is not resistant to bacteria, 
and is therefore unstable and coagulates when exposed to infection. All the 
samples described above would be contaminated when the containers were 
opened and the contents examined periodically. 


TABLE V 


NaHoP0,, Condition on storage 
Volume Volume HO NaOH r A 
Sample latex buffer in mix in mix Pp Not 
No. (ec. ) (ce. ) (Per cent) (Per cent) Sterilized Sterilized 





Control 


1 100 0 0 0 : Coagulated Coagulated 
in 2 days in 4 weeks 
2 100 25 0.0946 ' Coagulated Clot present 
in 2 days in 4 weeks 
3 100 50 J Coagulated _ Big clot in 
4 
5 


in 2 days 4 weeks 
100 75 A Coagulated Very big clot 
in 2 days in 4 weeks 
100 100 ; ; Coagulated  Bigclot. Bad 
in 2 days smell in 4 
weeks 


Spence!?, in a notable contribution to the subject of the preparation from 
plantation rubber of a modified rubber with improved oil-resistant properties, 
mentions the determination of the amounts of sol and gel fractions of latex 
buffered and sterilized in sealed containers immediately after collection in the 
Far East. Some of this latex was stated to be three years old, and it is presumed 
that it had been kept in the sealed containers during this period to retain its 
fluidity. Such conditions would be difficult to attain in commercial practice and, 
in view of the observations recorded above, it is concluded that the method is of 
academic interest only, and that it would have no value as a practical method 
for the large-scale preparation and shipment of latex from the producing countries. 

The authors acknowledge the assistance given by K. C. Sekar in carrying out 
some of the practical work described above. 


SUMMARY 


A method of preserving latex has recently been suggested by Spence which 
consists of the sterilization of latex by autoclaving in the presence of a buffer re- 
agent. In view of the improved properties claimed for the material, together 
with the lower cost of production, both of which are of interest to producers of 
latex, the method has been investigated. It is concluded that the process is 
not of value as a practical method for the commercial preservation of fresh 
Hevea latex. 
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ELASTIC RECOVERY AND PLASTIC FLOW 
IN RAW RUBBER * 


L. R. G. TRELOAR 


BRITISH RuBBER PRoDUCERS’ RESEARCH ASSOCIATION, 48 TEWIN Roap, WELWYN GARDEN City, Herts, 
ENGLAND 


1, PURPOSE OF THE WORK 


A satisfactory theory of the structure of raw rubber must be able to account 
for all the physical phenomena displayed by this material. It is of importance, 
therefore, that its physical behavior should be carefully studied and described 
in the most direct and accurate manner possible. Experimental studies of this 
kind may also be of assistance in suggesting the most hopeful lines of approach to 
the theoretical study of the problem’. 

The first specific problem which appeared to require examination was that 
of the separation of the elastic and plastic effects which in general take place - 
simultaneously when raw rubber is subjected to deformation. The existing in- 
formation on this subject is scanty. True, numerous studies of plasticity have 
been carried out, but these have been concerned almost entirely with masticated 
rubber, with which it is not proposed to deal here. Stress-strain curves for raw 
rubber at different temperatures have been given by Rosbaud and Schmid?. In 
contrast to those for vulcanized rubber, these show a great dependence on the 
temperature and on the rate of extension, effects which have generally been at- 
tributed to the occurrence of plastic flow, although the magnitude of the flow has 
not been determined. On the other hand, several workers, including in particular 
Feuchter*, have drawn attention to the fact that raw rubber, when stretched 
quickly to about 600% elongation, recovers on warming practically to its original 
length, 7. e., there is no plastic flow in this case. Perhaps the most successful 
attempt to distinguish the plastic from the elastic deformation was made by 
Whitby’, who clearly demonstrated the kind of difficulty encountered in an 
investigation of this kind. Whitby maintained specimens of raw rubber extended 
to a constant length for given times at various temperatures. They were then 
allowed to recover for several days at room temperature, until the length had 
ceased to change, but on subsequently raising the temperature to 100° C a further 
contraction was observed. The “set” remaining after this treatment was re- 
garded as a plastic deformation. This view will be shown not to have been 
entirely justified. 

In the present work Whitby’s methods have been taken as a starting-point, 
but greater care has been exercised in securing the complete removal of elastic 
strain. The data cover the following aspects of the behavior of rubber: 


1. The elastic recovery at constant. temperature. 
2. Further recovery on raising the temperature. 
3. The nonrecoverable extension or plastic flow. 
4. The decay of tension at constant extension. 


Finally an attempt is made to draw certain inferences concerning the structure 
of raw rubber from the results of these experiments. 


* Reprinted from the Transactions of the Faraday Society, Vol. 86, Part 4, pages 538-549, April 1940. 
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2. EXPERIMENTAL METHODS 


The rubber used in these experiments was Malayan crepe. Its average molecular 
weight (M) was determined from viscosity measurements in dilute benzene 
solutions. The ratio of specific viscosity (nsp) to concentration (c), expressed 
in g. per 100 ce. solution, extrapolated to infinite dilution was 7.0. Applying 
Staudinger’s equation: 


k “2 =M 
Cc 


and assuming his value® of the constant k for rubber, 7. e., 22,000, a figure of 
154,000 was obtained for the average molecular weight. 

Preparation of Specimens—One difficulty experienced in working with raw rub- 
ber is to obtain the material in a form suitable for carrying out mechanical 
tests. For this purpose it is important that the rubber should be of uniform 
texture and thickness. In these respects crepe in its commercial form is un- 
suitable. To overcome this difficulty, films were prepared by pouring a 4% solu- 
tion of the rubber in benzene onto a flat surface and drying off the solvent. 
In the first attempts the solution was poured into a frame standing on a glass 
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. 1.—Preparation of rubber films 
from solution. 


plate, but films prepared in this way were found to be in a state of internal 
strain which arose from the inability of the solvent-swollen rubber to contract 
freely during drying, owing to its adhesion to the glass. This was a serious dif- 
ficulty, for the strain thus introduced could not easily be removed, and it is 
clearly of the utmost importance in experiments of the kind contemplated that 
the material worked on shall be strain-free initially. The difficulty was over- 
come by pouring the solution onto a mercury surface with a confining boundary 
consisting of a zig-zag paper strip floating edgewise on the mercury, as depicted 
in Figure 1. Such a boundary offers no appreciable resistance to uniform con- 
traction of the film during drying, the contraction actually obtained amounting 
to 35% of the linear dimensions. Films prepared by this process were practically 
strain-free, judged by the methods to be described later. 

From the films thus prepared, whose thickness was in the neighborhood of 0.3 
mm., straight test-pieces 40 mm. long and 5 mm. wide were cut. In the experi- 
ments a free length of 30 mm. between grips was used, measurements being taken 
on a marked length of 10 mm. in the middle of the specimen. 

The Stretching Machine —The essential details of the stretching machine em- 
ployed are shown in Figure 2. The upper grip G, was hung by a steel wire 
from the flat steel spring S, the deflection of which could be read on the scale C. 
The lower grip G, was connected by a cord passing round pulleys P,, P,, Ps 
to the 1 kg. weight W. The release of this weight by means of the trigger T 
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caused a rapid extension of the test-piece. The supporting rod R was of glass, a 
material preferred to metal on account of its lower thermal conductivity. The 
specimen could be surrounded by a tube A, which was immersed in a constant- 
temperature bath. In no case was liquid used in direct contact with the rubber. 

By this arrangement the tension could be observed while the specimen was 
stretched approximately to a constant length. There was, of course, a small 
change of length due to the movement of the spring, but this was not more 
than 2% of the stretched length of the specimen during any experiment. 

In carrying out the experiments the unstretched specimen was inserted in the 
thermostat and, after a suitable warming-up time, the weight was released. Com- 
mencing 5 seconds after releasing the weight, readings of tension were taken at 
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Fig. 2.—The stretching machine. 





suitable intervals throughout the period of extension. At the end of this time 
the stand was lifted so as to remove the specimen, still stretched, from the 
thermostat, and an interval, generally 5 minutes, was allowed for the rubber to 
cool down below 25° C. The tension was then released, the lower end of the 
specimen cut off below the marking to remove unnecessary weight, and the speci- 
men transferred to the 25° C thermostat. Subsequent changes of length were then 
noted over a 20-hour period. 


3. THE REMOVAL OF STRAIN FROM STRETCHED RUBBER 


The general nature of the recovery phenomena observed after raw rubber has 
been stretched is shown in Figure 3, curve (a), which depicts the behavior of a 
specimen of crepe after stretching at 50° C for 1 hour at an elongation of 390%. 
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At 25° C there was an immediate recovery to 260% elongation on releasing the 
tension. Thereafter there was a further recovery, rapid at first, then progressively 
slower, over a period of 20 hours. Increasing the temperature to 50° C caused a 
sharp increase in the rate of recovery, but with continued heating the rate 
again slowly diminished. At 100° C the same phenomenon was repeated. Even 
then the elastic recovery was not complete. For the further removal of strain 
two methods were tried, both depending on the swelling action of a solvent. In 
the first method the specimen was hung in a vessel containing some benzene and 
the vapor allowed to act on the rubber for a certain time, after which it was 
removed and dried. The permissible swelling was limited by the tendency of 
the rubber to sag, so that several successive treatments were usually necessary 
to secure constancy of length. In the second and preferred method the rubber 
was immersed in a liquid benzene-alcohol mixture, removed after a suitable time, 
and dried. This method avoids the sagging difficulty and also permits of a con- 
trol over the amount of swelling by variation of the benzene content of the 
mixture. The results obtained by the two methods were in close agreement. 


exlension { 


ZA 
0 8 
0 8 12 6 
Hours. 


Fic. 3.—Elastic recovery of crepe at temperatures indicated 
after stretching to 390% extension for 1 hour at 50° C. 


(a) Normal. 
(b) Vacuum-treated. 


In Figure 3 point A represents the remaining extension after treatment for 
16 hours by a mixture containing equal volumes of benzene and alcohol. Point B 
represents further treatment for the same time by a mixture containing 60% 
of benzene. It will be noted that these treatments led to a reduction of the residual 
extension by more than 50%. It is hardly possible to use a mixture containing 
a higher percentage of benzene, owing to the difficulty of handling such highly 
swollen rubber. However, since the effect of the 60% mixture was not very much 
greater than that of the 50% mixture, it may be assumed with some confidence 
that the final length of the rubber represents, if not a complete removal of 
elastic strain, at least a close approach to that condition. The remaining exten- 
sion may therefore be regarded as a genuine plastic flow. 

Possible Effects Due to Retained Solvent —The preparation of specimens from 
solutions is open to the criticism that there might be a trace of solvent left 
in the rubber even after several days’ drying at room temperature, the presence 
of which might seriously affect the mechanical properties. To meet this criticism 
a piece of rubber prepared in the usual way was heated to 50° C for 8 hours in 
a high vacuum, with liquid air applied to the evacuated tube, a treatment 
which should have been sufficient to remove any remaining solvent. The rubber 
was stretched at 50° C by means of a falling weight, and the recovery was ob- 
served first at 25° C and then at higher temperatures, both the stretching and 
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recovery being completed without admitting air to the tube. The rubber was 
then removed and treated with benzene-alcohol mixture in the usual way. The 
result of this experiment is shown in Figure 3, curve (b), from which it is 
clear that the precautions taken made no marked difference either to the amount 
of the elastic recovery at any temperature or to the plastic flow, and it may there- 
fore be concluded that the results reported are not in error on account of ab- 
sorbed solvent. At the same time this experiment proves that the possible pres- 
ence in the rubber of water absorbed from the atmosphere was not having an 
important effect. 


4. THE PHENOMENA OF ELASTIC RECOVERY 


Recovery at 25° C after Stretching at 25° C.—Figure 4 shows the recovery 
curves obtained at 25° C for samples stretched for 1 hour at 25° C to various 
elongations. Noteworthy features of these curves are that for the higher elonga- 
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Fic. 4.—Recovery at 25° C after stretching 1 hour at 25° C. Elongations as marked. 


tions there is no further recovery after the first half-hour, while for the lower 
elongations the recovery is more gradual, and also more complete. 

Recovery at 25° C after Stretching at 50° C—Similar data for samples stretched 
for 1 hour at 50° C are given in Figure 5. It will be observed that the gradual- 
ness of the recovery is more noticeable at this stretching temperature than at 
25° C, and that the absence of gradual recovery is apparent only after relatively 
high initial elongations. 

Recovery at Temperatures above 25° C.—Crystallization—The recovery curves 
at 25° C thus fall into two main classes. In the first the recovery after releasing 
the tension is relatively small and ceases within about 30 minutes, while in the 
second the recovery is relatively large, and continues at a diminishing rate for 
at least 20 hours. The high extensions yield recovery curves of the first type, 
and the low extensions those of the second. Increase of stretching temperature 
favors the second type. 

Two types of behavior are also observed when the recovery at higher tempera- 
tures is examined. There is the type of behavior represented in Figure 3, in which 
each increase in temperature gives a slight increase in the recovery; this type 
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of behavior corresponds with the lower degrees of extension. An entirely dif- 
ferent type of behavior is depicted in Figure 6, which shows the effect of raising 
the temperature at the rate of about 1° C per 3 minutes. The specimens repre- 
sented in this figure had been extended at 25° C for 1 hour, and subsequently 
allowed to recover for -20 hours at 25°. For the higher extensions practically 
the whole of the subsequent recovery occurred quite quickly over a temperature 
interval of only 1° C. 

Similar experiments on specimens stretched at 50° C are more interesting 
because they show clearly the transition between the gradual and the critical- 
temperature types of recovery (Figure 7). For the highest extension, the tem- 
perature range over which most of the recovery occurred was as narrow as for 
a stretching temperature of 25°, but as the initial elongation was reduced the 
recovery range showed a corresponding broadening until, for an initial elongation 
of 480%, all signs of a special recovery temperature had disappeared. 
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Fic. 5.—Recovery at 25° C after stretching 1 hour at 50° C. Elongations as marked. 


These phenomena have been observed by a number of authors, in greater or 
less degree, and an explanation of the sharpness. of the recovery temperature 
for highly extended rubber has been given by Feuchter and Hauser*. These 
workers found that on storing rubber “racked” to 600% extension the recovery 
range narrowed from 11° to 1°, and at the same time there was an increase in 
density of the rubber and an increase in the intensity of the x-ray “fibre” pattern. 
They concluded that these phenomena were associated with a high degree of 
crystallinity. On this view the recovery temperature is to be identified with 
the melting point of the crystals formed on stretching. 

The data here brought forward generally tend to substantiate this view. It is 
to be expected, and it has been demonstrated by von Susich’? from x-ray evi- 
dence, that the appearance of crystallization requires a higher degree of exten- 
sion, the higher the temperature at which the extension is carried out. Hence the 
critical-temperature type of recovery would be expected to occur more readily 
at a lower than at a higher temperature, as is indeed found to be the case. There 
is, however, one feature of the experimental results for which no obvious ex- 
planation can be found, namely, that the recovery temperature depends on the 
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temperature at which the stretching is performed (cf. Figures 6 and 7). One 
would not expect the melting point of the crystals to depend on the temperature 
at which they were formed. 
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Fic. 6.—Recovery with rising Fig. 7.—Recovery with rising temperature after 
temperature after stretching for stretching for 1 hour at 50°C to extensions 
1 hour at 25°0O to extensions indicated. 
indicated. 


5. PLASTIC FLOW 


After recovery at 25°, followed in some cases by further recovery at higher 
temperatures, the samples were treated by a benzene-alcohol mixture containing 
50% of benzene for 16 hours, followed by a further treatment with a 60% ben- 
zene mixture for the same time. The extensions remaining after this treatment, 
representing plastic flow, are shown in Figure 8, for stretching temperatures of 
25° and 50° C, respectively. A number of control specimens, not stretched, 
which were subjected to the same benzene-alcohol treatment, showed contrac- 
tions ranging from 0 to 3%, which indicated that the original material was not in 
all cases perfectly free from strain, in spite of the precautions taken in its 
preparation. This effect accounts for the fact that in some cases the flow ap- 
peared to be negative. Although the accuracy was necessarily limited on this 
account, the general nature of the results cannot have been seriously affected, and 
the essential features of the data presented were repeated in a number of separate 
Series of experiments. It is desired to draw attention especially to the following 
points: 

1. The plastic flow increased to a maximum at intermediate extensions, and 
fell again at higher extensions. 

2. The maximum flow on stretching at 25° C occurred at an elongation of 
about 300%, and amounted to only about 2% of the original extension. 

3. For a stretching temperature of 25°, the flow was negligibly small for ex- 
tensions exceeding 400%. 

4. For a higher stretching temperature, 7. e., 50° C, the maximum flow occurred 
at a higher elongation, and the flow at any given elongation was higher. 

If we accept the view that the total effect of cohesion between molecules in a 
crystalline lattice is greater than that between molecules in the disordered state, 
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the reduction of flow which occurred when a certain extension was exceeded may 
be explained as being due to the occurrence of crystallization. The fact that the 
maximum flow occurred at a higher elongation at the higher temperature would 
appear to be a direct result of the lesser degree of crystallinity at any given 
elongation. The general features of the flow phenomena are thus explicable on 
the same basis as the general features of the recovery phenomena dealt with 
in Section 4. 

Whitby, from his experiments‘, drew the conclusion that the amount of flow 
increased with the elongation. However, he worked only up to 350% elongation, 
2. €., On One side only of the maximum in the flow-elongation curve. 
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Fic. 8.—Plastic flow expressed as percentage of un- 
deformed iength for specimens held for 1 hour at various 
extensions at the temperatures indicated. 


SOME CONSEQUENCES OF THE OBSERVED FLOW PHENOMENA 


Besides being of interest from the theoretical point of view, the peculiar rela- 
tion between plastic flow and initial elongation leads to certain considerations 
of practical importance. Since the flow is greatest at intermediate extensions, it 
is necessary that the intermediate region should be passed through as quickly as 
possible if the smaller flow characteristic of the higher elongations is to be ob- 
served. This is one of the reasons for the adoption, in the present work, of an 
automatic method of securing rapid extension of the rubber. Moreover, the ef- 
fect undoubtedly has a bearing on the shape of the stress-strain curves obtained 
by Rosbaud and Schmid?. It accounts also for the observation of Hauser® that an 
x-ray fibre diagram could not be obtained when raw rubber was stretched very 
slowly, for in this case the region of maximum flow may never have been passed 
through and the molecular extension necessary for crystallization thus not 
achieved. Finally, it reveals the importance of making a careful study of the 
accompanying flow before attempting to discuss the meaning of the variations 
in the shape of stress-strain curves obtained at different temperatures and rates 
of elongation, and of the hysteresis observed in the stress-strain. relationship. 
These effects are further complicated by the variation of tension with time, 
even when the flow is negligible. (See below.) 
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6..THE DECAY OF TENSION DURING EXTENSION 


The change of tension with time, for specimens held at constant length, is 
shown in Figures 9 and 10. In plotting these curves the observed tensions have 
been converted to kg. per sq. cm. referred to the strain cross-section, assuming 
the density to remain unaltered by the extension. Two features of these curves 
call for special comment. First, for a given elongation the relative fall of tension 
is greater at the higher temperature, while at a given temperature it diminishes 
with increasing elongation. Secondly, the tension for a given elongation at 50° 
is in all cases very much lower than for the same elongation at 25°. This second 
result is not consistent with what is deduced from the simplest application of the 
statistical theory of rubber elasticity developed by Kuhn® among others, ac- 
cording to which the tension at constant elongation is directly proportional to 
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Fic. 9.—Decay of tension at constant exten- Fig. 10.—Decay of tension at constant ex- 
sion at 25° C, tension at 50° C. 


the absolute temperature. A linear rate of increase of tension with temperature 
has indeed been observed by Hauk and Neumann?® for a number of vulcanized 
rubbers. The discrepancy cannot be disposed of by taking account of the plastic 
flow during stretching, this effect being much too small. A difficulty arises also in 
explaining the fall of tension at a fixed extension. For example, reference to 
Figures 8 and 9 shows that a fall of 30% may occur in the course of 1 hour for 
rubber elongated by ‘510% at 25°, though the flow under these conditions is 
negligible. How, then, is the fall to be explained? 


7. THE STRUCTURE OF RAW RUBBER 


As a basis for the present discussion the statistical theory of the behavior of 
single molecules developed by Kuhn? will be taken as fundamentally correct. 
According to this theory the essential elasticity of rubber is a property of the 
long-chain molecules of which it is composed. The tension exerted by an ex- 
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tended molecule represents the tendency for it to take up the statistically most 
probable overall length. 

To account for the elastic properties of a solid, however, it is necessary to 
consider not only single molecules but also the aggregate of molecules and ‘the 
forces between them. The molecules in unstretched rubber must be variously 
intertwined in an irregular manner. The process of extension, by which the 
molecules become straightened out, at least partially, and orientated in the direc- 
tion of stretching, must therefore involve considerable relative displacements be- 
tween adjacent portions of neighboring molecules, which the cohesional forces 
between them are not sufficient to prevent. In other words, the molecules can 
slide over each other with relative freedom. On the other hand, the fact that the 
flow is negligibly small at temperatures below 25° C proves that there must be 
present in the rubber a structure which remains unbroken during the deforma- 
tion. Therefore, in spite of their relative mobility, the molecules of rubber must 
be held together at a sufficient number of points for this structure to be pre- 
served. The experimental evidence thus leads directly to the following important 
conclusion : 

The molecules of rubber are held together at certain points, or over certain 
regions, so as to form a three-dimensional structure. On deformation at a tem- 
perature not exceeding 25° C a sufficient number of these points of linkage or 
cohesion are maintained for this structure to remain substantially unchanged. 

It is not suggested that the postulation of a structure of this kind to account 
for the behavior of elastic bodies is either new or original, but in view of the 
fact that raw rubber has been commonly regarded as being very imperfectly 
elastic, it does seem important that the above conclusion should be explicitly 
stated. By way of comparison, it is of interest to quote the conclusions arrived - 
at by Busse! regarding the necessary conditions for the occurrence of high elas- 
ticity in general. These conditions are!?: . 

1. “The presence of groups of atoms which form strong, somewhat flexible, 
fibrous units: 

2. “weak or uniform cohesive forces around the fibres: 

3. “an interlocking of the fibres at a few places along their length to form a 
3-dimensional network. This interlocking may occur through chemical combina- 
tion, by secondary valence forces, or by mechanical entanglement, and 

4, “A means of storing up free energy in the fibres during deformation.” 

The Nature of the Cohesive Links between Molecules.—The results brought 
forward in this paper show that the links between the rubber molecules, i. e., 
those referred to under Busse’s 3rd condition, begin to break down at an ap- 
preciable rate at about 50° C. Therefore they cannot be primary chemical 
bonds. In this respect raw rubber differs from the vulcanized product, in which 
the bonds between molecules are of high energy. In raw rubber, the links (condi- 
tion 3) may be due either to van der Waals’ forces or to mechanical entangle- 
ments. Now we have seen that when fully extended, raw rubber crystallizes. In 
this case the forces holding the molecules in the crystalline lattice are undoubtedly 
of the van der Waals’ type, for there are no others available. Yet, even in this 
very favorable case, in which the alignment increases the efficacy of the van der 
Waals’ forces between molecules, the crystals are found to break down completely 
at a temperature in the neighborhood of 30° C. Such a mechanism cannot there- 
fore of itself account for the persistence at higher temperatures of the links 
(condition 3) between molecules. It is necessary therefore to introduce Busse’s 
suggestion, namely, the conception of mechanical entanglements, in conjunction 
with van der Waals’ forces, to account for the observed properties. Such en- 
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tanglement-cohesions would possess a wide range of energies; hence at any 
stretching temperature some would break very much more quickly than others. 
Flow would occur when the number remaining unbroken fell below a certain 
value. There would appear to be a strong a priori probability of the formation 
of relatively stable linkages by mechanical entanglement if the view is accepted 
that the rubber molecules are very long (length/diameter > 1000), that they are 
arranged entirely at random with respect to each other, but are at the same time 
densely packed. Under such conditions two or more molecules might very well 
become twisted together or looped through each other in such a way that on the ap- 
plication of a shearing force a long time would elapse before separation occurred. 
Or, to put the matter in another way, the entanglements may be regarded as 
regions possessing an exceptionally high resistance to flow. If a number of such 
regions were interconnected by extensible (but unbreakable) molecules, the high 
viscosity characteristic of these regions would be retained as a property of the 
substance in bulk, while at the same time the general mobility of the individual 
molecules between the points of entanglement would remain. 

A mechanism of this kind accounts qualitatively for a number of features of 
the mechanical behavior of raw rubber. Considering first the tension, we have 
to account for (a) a continuous fall of tension at constant length, without 
plastic flow, and (6) a lower tension after a given time at any extension at the 
higher temperature. With regard to (a), a fall of tension of the type shown 
in Figure 9 is just what would be expected from a series of links representing a 
wide range of binding energies. The low-energy links would break quickly, those 
of higher energy less quickly, and those of still higher energy, i. e., involving 
considerable entanglement, very slowly or not at all. Consequently, the tension 
would fall rapidly at first, and thereafter more and more slowly. The same 
mechanism accounts for (b), for at a higher temperature all the links would 
break more quickly?*. 

Consider now the recovery phenomena. During extension, simultaneously with 
the breaking of the original entanglement-cohesions between molecules, there will 
occur a formation of weaker entanglement-cohesions in the deformed state. The 
greater the degree of mechanical entanglement formed in the stretched condition, 
the greater will be the energy required to release the strain thus introduced. An 
increase of temperature will increase the possibility of the formation of new 
entanglement-cohesions, first because of the greater rate of release of the original 
linkages, and secondly because of the greater thermal agitation of the molecules. 
On the other hand, the emergence of a crystalline state will tend to reduce the 
formation of cohesions of the entanglement type. 

These considerations lead to a fuller understanding of the recovery phenomena 
The new entanglements formed in the stretched condition, although of the same 
kind as those originally present in the unstretched rubber, will be less complex, 
and therefore more readily broken down. As with the original linkages, there will 
be a wide range of cohesional energies, but the average energy will be lower. 
Hence on releasing the applied tension the force of retraction resident in the in- 
dividual molecules will cause the breaking down of the new rather than of the 
original entanglements. There will be a rapid reduction of length corresponding 
to the breaking of entanglements of low energy, followed by a progressively more 
and more gradual recovery, corresponding to the release of those of higher energy. 
An increase of temperature will clearly increase the rate of recovery, without 
altering its nature. 

The theory, of course, accounts for the recovery phenomena only when crystal- 
lization is not present to an important extent, for under these circumstances, 
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as was pointed out above, the behavior is controlled by van der Waals’ forces 
rather than by entanglement-cohesions. 


SUMMARY 


In considering existing information on the mechanical properties of raw rubber, 
it is not generally possible to distinguish between the effects of elastic and of 
plastic deformation. In the experiments described great care was taken to se- 
cure the complete removal of elastic strain, after stretching to various extensions 
at different temperatures. The plastic flow increased to a maximum with increas- 
ing elongation and fell again at higher elongations, an effect attributed to the 
increase of crystallization with increasing extension. For rubber held extended 
for one hour at 25° C the flow was never greater than 2% of the original ex- 
tension, and for extensions greater than 440% or less than 130% it was neg- 
ligibly small. 

Curves showing the decay of tension at constant extension, and the recovery 
of length after stretching, in conjunction with the observations on plastic flow, 
are interpreted in terms of a theory proposed by Busse,. according to which the 
rubber molecules are held together at certain points by cohesional linkages of low 
energy, some of which are broken down during stretching. 


The author desires to express his indebtedness to Professor E. K. Rideal, who 
provided facilities at the Laboratory of Colloid Science, Cambridge, for carrying 
out part of this work, and also to J. K. Roberts of the same laboratory, who was 
responsible for directing the course of the research, and whose advice and criticism 
have proved invaluable. 

The above work has been carried out as part of the program of fundamental ' 
research on rubber undertaken by the Board of the British Rubber Producers’ 
Research Association. 
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DIFFUSION OF SULFUR IN RUBBER 


RELATION TO VULCANIZATION * 
A. R. Kemp, F. S. Mato, G. G. Winspear, and B. STIRATELLI 


BELL TELEPHONE LABORATORIES, NEW York, N. Y. 


A survey of the literature failed to disclose any previous attempt to determine 
the rate of diffusion of sulfur through rubber. The present paper is intended to 
fill this gap and to show the importance of diffusion and solubility of sulfur 
in rubber on control of the vulcanization reaction. 

The vulcanization of rubber cannot be considered as a homogeneous chemical 
reaction since the reactants, 7. e., sulfur, accelerators and activators, are seldom 
completely in solution or uniformly dispersed. The limited solubility of sulfur, 
many accelerators, and zine soaps in rubber leads to the presence of these sub- 
stances partly in solution and partly in the dispersed state during vulcanization. 
Local high concentrations of these substances occur in solution around the dis- 
persed phase, owing to their increased solubility which results from the tempera- 
ture rise during vulcanization, coupled with their slow rate of diffusion through 
rubber. 

This paper presents the results of a detailed study of the effects of solubility, 
diffusion, and crystallization of sulfur on heterogeneity of vulcanization. Results 
showing the effect of various methods of mixing and handling on the physical 
properties of certain rubber compounds are presented. 

The diffusion of sulfur into rubber to form a solution during vulcanization, 
followed by the separation of globular sulfur on cooling, and its transition into 
dendritic and finally into rhombic sulfur on standing, was observed under the 
microscope by Loewen®: 1° and Endres’. Several factors which influence the mi- 
gration and crystallization of sulfur internally and as a surface bloom on rubber 
were studied by Rimpel?*, Endres*: *, Twiss?°, Loewen?®, and Graffe'. 

The absorption of sulfur by rubber at elevated temperatures was studied by 
Skellon’? and by Venable and Green?!, and the solubility of sulfur at various 
temperatures was investigated by Venable and Green?! Endres*, Kelly and 
Ayers’, Loewen?®, Morris, and Williams?%. 


ABSORPTION OF SULFUR BY RUBBER 


Venable and Green?! studied the absorption of sulfur by sheets of rubber em- 
bedded in powdered sulfur at various temperatures to determine the solubility of 
sulfur in rubber. It was assumed in this work that the rubber would absorb 
sulfur until saturation was established and then stop. Since this work was of a 
preliminary character and quite inconclusive, the present authors deemed it 
advisable to repeat it. 

The procedure used in the present investigation was to place thin sheets of 
rubber, 3.8 cm. square, in a powdered sulfur pack and heat for various periods 
at a controlled temperature. Following each period of heating, the sheet. was re- 
moved and cooled, and the sulfur was brushed off uniformly with a camel’s-hair 
brush. The sheet was weighed after each period of heating to determine the in- 
crease in weight resulting from the absorption of sulfur. The amount of adhering 


wa from Industrial and Engineering Chemistry, Vol. 32, No. 8, pages 1075-1084, August 
40. 
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sulfur was found to be fairly constant and was determined initially in order to 
make a correction for it in subsequent weighings. Typical data for this type of 
experiment are given in Table I, which shows the sulfur absorption of molded 
sheets of masticated crepe rubber after various periods of heating at 56° C in 
a pack powdered sulfur. 

Examination of these data indicated that equilibrium is not reached even 
after heating for 3215 hours. Since the amount of sulfur absorbed greatly ex- 
ceeded -the known solubility of sulfur in rubber, internal crystallization was 
suspected. Microscopic examination showed the presence of a large quantity of 
crystalline sulfur in the rubber at the end of the long heating period. 

The absorption data are plotted logarithmically in the upper part of Figure 1, 
along with those obtained in similar experiments where temperature and sheet 
thickness were varied. Following an initial period of higher absorption rate, all of 
the results fall on a straight line, with slopes varying from 0.20 to 0.22. 

When the sulfur absorption values for masticated crepe determined at various 
temperatures are plotted against the fifth root of time, as in the lower part of 
Figure 1, straight lines result, which pass through the origin. The slope is in- 
creased by increased temperature and decreased by increased thickness of the 
rubber sheet, as would be expected, Although the earlier values up to 21 hours 
given in Table I are lower than is indicated by curve 2 in the lower part of 


TABLE I 
ABSORPTION OF SULFUR BY MaAsticaTep CREPE aT 56° C 


Heating % weight gain ¢ Heating % weight gain * 
period A. . period r * ~ 
II III (Hrs. ) I II Ill 
0.78 0.63 49 648 6.10 
1.49 1.56 6.84 7.16 6.73 
231 . 7.70 8.03 761 
2.92 ! 8.48 8.73 
3.55 . 9.26 9.44 
d 9.84 10.09 
10.67 

10.98 10.69 

11.80 11.96 11.55 

13.08 12.57 

13.94 14.03 13.76 

15.08 14.72 








@ Samples had the following properties: 


Sample Weight Thickness Initial Adhering S 
No. (Gram) (Cm.) (Gram) 


I 0.8213 0.0584 0.0430 
II 0.8464 0.0610 0.0432 
Ill 0.8662 0.0635 0.0440 


Figure 1, the one-hour absorption values must be taken from the plotted straight 
lines if they are used to calculate absorption values for longer periods using the 
following formula: 

C=C, Vt 


where C,=absorption in some unit time such as 1 hour or 1 day. Taylor and 
Kemp’® found the following relation to hold for water absorption by rubber: 


C=C, Vt 


To determine the effect of long time absorption without frequent removal and 
weighing, a specimen of masticated crepe, 0.053 em. thick, was placed in a sulfur 
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Fic. 1.—Effect of temperature and thickness on the absorption of sulfur by masticated 
° crepe rubber. 
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pack for 3000 hours and kept undisturbed at 25°+0.3° C. When. weighed it 
showed a sulfur.absorption of 2.88 per cent or over twice the sulfur saturation 
value for rubber at this temperature. Fluctuating temperatures and disturbance 
of the rubber would be expected to promote internal crystallization. However, 
experiments conducted at 56°+0.05° C gave practically the same absorption 
values as were obtained in the experiments already recorded. 


10 


SULFUR ABSORBED IN PER CENT 
w Ww db w om ~N @ © 
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0 100 200 300 400 500 600 700 
TIME IN HOURS 
Fig. 2.—Absorption of sulfur by amiaates oe latex gel, and soft vulcanized rubber 
a pe i 


Curve No. Rubber Thickness (Cm.) 
1 Moastionted Crepe 6 ic cs cece esckens 0.0610 
2 Washed latex fim. ¢...ccccsccsccess 0.0457 
3 Sore waloanined © ied ccccccccseecces 0.0559 


“95 crepe + 5 sulfur, vulcanized 4 hours at 141° C. (2.85% combined sulfur.) 


The absorption of sulfur by rubber appears to be osmotic in nature, and similar 
to the swelling of rubber in organic solvents. Since the rubber swells in the proc- 
ess of absorbing sulfur, it might be expected that the rate of absorption would 
be reduced with increased stiffness of the rubber. This was found to be the case 
with latex gel hydrocarbon, soft vulcanized rubber, and ebonite, all of which 
show a lower rate of absorption than masticated crepe. Sulfur absorption data 
on masticated crepe, gel hydrocarbon, and soft vulcanized rubber are compared 
in Figure 2. The absorption of sulfur at 86° C by an ebonite sheet 0.08 cm. 
in thickness was found to be less than 0.2 per cent after heating in a sulfur 
pack for 670 hours. This would indicate either a low rate of diffusion or a 
low solubility of sulfur in ebonite, or both, since the solubility value should be 
exceeded in this period. It is probable that the high resistance of ebonite to 
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swelling accounts for its low sulfur absorption. The same explanation has been 
given for the low water absorption of ebonite?®. No reliable data are available 
on the solubility of sulfur in ebonite, although it has been assumed by some to 
be high because blooming of sulfur does not take place when a high content of free 
sulfur is present. 

The conclusion to be drawn from this work is that the determination of the 
absorption of sulfur by rubber in contact with it is not a satisfactory method 
to establish the solubility of sulfur in rubber when employing the present 
technique. 


RATE OF DIFFUSION OF SULFUR INTO RUBBER 


An experiment was devised to determine the rate of diffusion of sulfur into 
a one-inch cube of plastic crepe rubber. Crepe rubber was milled 10 minutes 
and molded in a cubical aluminum mold with cellophane films on each face as 
shown in Figure 3. One face of the mold and cellophane were removed, and sulfur 





Fic. 3.—Mold for sulfur absorption experiment with cube of rubber. 


was packed against this face, while the other sides of the cube were protected 
against contact with the sulfur. In one experiment this assembly was heated for 
500 hours at 56° C, and in another identical experiment the heating was con- 
tinued for 1000 hours. At the end of these heating periods the external sulfur was 
removed, and the cube taken from the mold and cut into four approximately 
equal sections. The total sulfur was determined in each segment. The face of 
the section contacting the sulfur was brushed to remove loosely adhering sulfur, 
and this surface-adhering sulfur was corrected for as described previously. The 
data showing the average sulfur content of each segment in these experiments 
are plotted in Figure 4, and show the distribution of sulfur through the rubber 
at the end of 500 and 1000 hours of heating at 56° C. 

Curve 1, Figure 4, gives approximately the concentration of sulfur in an inch- 
thick slab of masticated crepe rubber under conditions of sulfur diffusion equilib- 
rium at 56° C, where the vapor pressure of sulfur on the side opposite the sulfur is 
kept at zero. Curve 2 shows the result of considerable sulfur accumulation fol- 
lowing the establishment of the diffusion equilibrium gradient. From the extra- 
polation of curve 1, the sulfur wave front is found to pass through masticated 
crepe rubber at a rate of about 0.0056 cm. per hour at 56° C. 


RATE OF SULFUR DIFFUSION THROUGH RUBBER 


To measure the rate of sulfur diffusion through rubber accurately, a diffusion 
cell placed in a gastight container as shown in Figure 5 was constructed. This 
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Fic. 4.—Concentration gradient of sulfur in cube of masticated crepe rubber resulting from 
sulfur diffusion. 











1. After heating 500 hours at 56° C. 
2. After heating 1000 hours at 56° C. 
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cell and container were placed in a specially constructed air oven held to a 
temperature which fluctuated +0.2° C within the cell. Nitrogen was passed at 
about 20 liters per hour through a preheating coil and then through the container 
to remove the sulfur vapor as soon as it came through the upper surface of 
the rubber, as shown in Figure 6. The diffusion cell was removed, cooled in a 
desiccator, and weighed periodically. The loss in weight after diffusion equilibrium 
is reached was taken as a measure of the rate of diffusion of sulfur through 


BAFFLE CLAMPING RING 


DIFFUSION CELL SULFUR 
RUBBER FILM 


Fic. 5.—Apparatus for determination of sulfur diffusion through rubber. 


the rubber. The sulfur was rubber-maker’s grade sieved through a 60-mesh 
screen and dried over P,O, before being placed in the cell. The cell was filled 
with the sulfur so that the bottom surface of the rubber rested on it. The data 
for the diffusion of sulfur through masticated crepe and soft vulcanized rubber at 
various temperatures are plotted in Figure 7. These data show that the rate of 
diffusion through masticated crepe at 86° C is somewhat higher than through 
vulcanized rubber. The diffusion rate through masticated crepe appears to de- 
crease after long heating, which indicates that some vulcanization is taking place 
which reduces the rate to that.of soft vulcanized rubber. Owing to the fact that 
the free sulfur in the outer surface layer of the vulcanized rubber would be 
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evaporated during the early heating period, the initial loss in weight is increased, 
as indicated in Figure 7, where the extrapolation of curve 3 crosses above the 
zero point. The diffusion of sulfur through a sheet of ebonite was determined 
at 86° C. The rates of sulfur diffusion through these materials are shown in 
Table II. 
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Fic. 6.—Apparatus assembly for the determination of sulfur diffusion through rubber. 


TABLE II 


DIFFUSION OF SULFUR THROUGH RuBBER AT 86° C 


Masticated crepe, Soft vulcanized rubber, Hard rubber, 
0.0285 em. thick 0.028 cm. thick 4 0.0165 em. thick ® 
A... A. 











‘ ‘ 


Heating Loss Heating Loss : ‘Heating Loss 
in wt., period, in wt., period, in wt., 
gram hr. gram hr. gram 
0.0072 46 0.0071 0.0006 
0.0038 43 0.0055 i 0.0002 
0.0109 72 0.0086 
0.0070 45 0.0053 
0.0061 44 0.0059 
0.0090 71 0.0085 


“ Composition given in Table III. 
> Crepe rubber 73.00 + sulfur 27.00, vulcanized 10 hours between tin sheets at 149° ©. 


The first loss in weight of the ebonite appeared to be due to volatile matter 
held-in the material, following which practically no sulfur diffused through the 
sheet within the limit of accuracy of weighing the.cell. This zero order of sulfur 
diffusion rate through hard rubber explains the absence of blooming from ebo- 


LOSS IN WEIGHT IN GRAMS 
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nite which contains high contents of free sulfur after cure. It would appear that 
the molecular structure of ebonite is such that the intermolecular spaces are 
smaller than the size of the sulfur vapor particles. 

It is desirable, in comparing diffusion rates, to calculate the diffusion constant 
or specific diffusion rate according to Ficks’ law, as done by Taylor, Herrmann, 
and Kemp!® in the case of moisture diffusion through rubber. To do this it is 
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Fic. 7.—Rate of diffusion of sulfur through rubber. 




















Curve No. Rubber Thickness (Cm.) Temp., ° C. 


1 Masticated crepe , 96 
2 Masticated crepe .0305 86 
3 Soft vulcanized 0278 86 
4 Masticated crepe .02 58 


necessary to know the vapor pressure of sulfur at the temperature employed. 
Since the values given by the International Critical Tables did not appear to 
represent a satisfactory analysis of the published work, a careful study was made 
of the methods used and results obtained by various investigators of the sub- 
ject. These values, plotted in Figure 8, show a wide discrepancy. 

The most extensive and careful work appears to have been carried out by 
Gruener*, In Figure 8, Gruener’s results are plotted, with the mean results 
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taken from the voluminous literature on the vapor pressure of sulfur above 
120° C, as given in the International Critical Tables. The plot of Gruener’s 
results crosses those for higher temperatures, the extrapolation of which has a 
somewhat lower slope. Since transitions in sulfur occur at 95.5°, 112.8°, 119°, 
and 160° C, the extrapolation from the values at higher temperatures to those 
at lower temperatures is not entirely warranted. The results of West and 
Menzies? agree well with those of Gruener, but those of Neumann?* and of 
Ruff and Graf!* are entirely out of line, as is the one result of Brown and Muir?. 
In view of this discussion, the selection of Gruener’s results for temperatures 
up to 120° C appears justified. 
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Fie. 8.—Effect of temperature on the vapor pressure of sulfur. 


The diffusion constant D or specific diffusion rate was calculated from Ficks’ 
law; 2. @.: 
_ Nz 
 Atp 


where N=weight of sulfur lost (grams) 
x=thickness of rubber sheet (cm.) 
A=area of rubber exposed to diffusion (sq. cm.) 
t= time of diffusion (hours) 
p= vapor pressure of sulfur (mm.) 


The calculated diffusion constants are given in Table III, and show that the 
specific rate of diffusion of sulfur through masticated crepe is slightly higher than 
it is through soft vulcanized rubber, and that the rate increases with tempera- 
ture, as would be expected. 

Although the diffusion constant for sulfur through rubber at 86° C is much 
higher than for water through rubber at 25° or 35°, the actual diffusion rate of 
sulfur is much less because of its lower vapor pressure. If the cell were filled 
with moisture under the same conditions given in Table II, it is calculated that 
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moisture would pass through a film of soft vulcanized rubber at a rate of 0.0069 
gram per hour, or about fifty-five times as fast as sulfur at 86° C. This calcula- 
tion neglects any change in the diffusion constant of water through rubber by 
increasing the temperature from 35° to 86° C. Since the diffusion constant in- 
creases with temperature, this difference should actually be greater. 

Schumacher and Ferguson!*, and Sager and Sucher?®, found that moderate 
amounts of compounding ingredients did not affect the diffusion of moisture or 
of gases through rubber. The same conclusion probably applies in the case of 


Tasie III 


CALCULATED SULFUR Dirrusion ConsTANT For RUBBER 


Vapor Diffusion 
Sheet Av. weight Area of pressure Constant D 

Temp. thickness loss cell of S¢ (G. per hr. 
per cm. per 

(°C) (Cm.) (G. per hr.) (Sq.cm.) (Mm. Hg) mm. Hg) 


Masticated crepe 0.0279 0.0000126 5.06 17 <1 4.1 x 10* 
86 0.0305 0.000160 5.06 2.2 x 10° 44x 10% 
96 0.0305 0.000422 5.06 4.7 xX 10° 5.4 xX 10°* 
‘ Soft vulcanized rubber’. 86 0.0279 0.000124 5.06 2.2 xX 10° 3.1 X 10 
“From Gruener’s results in Figure 8 (lower) 


> Crepe rubber, 100.0; zinc oxide, 6.0; sulfur, 3.0; stearic acid, 1.0; Altax (benzothiazyl disulfide), 
1.0. Vulcanized 60 minutes at 185° C. 


TABLE IV 


PERMEABILITY OF SULFUR, HyproGEN, AND MOoIsTuRE THROUGH Sort 
VULCANIZED RUBBER 


(Sheet thickness 0.03 cm., temperature 58° C) 


Permeability Ratio to 

Vapor r A Permeability of 8 

pressure (G. per sq. m. (Moles per sq. m. (Moles per sq. m. 
(Mm.) per 24 hrs.) per 24 hrs.) per 24 hrs.) 


Sulfur : 
1.7 « 10°* 0.56 0.0022 1.0 
1.0 3300 13 1.0 


Hydrogen 
760 2.86 1.43 650 
1 0.0038 0.0019 0.00015 
Moisture 
35.6 115 6.4 2900 
1.0 0.85 0.047 0.0036 





the diffusion of sulfur through rubber; however, experiments were not conducted 
to prove this point. 

From Sager and Sucher’s results the permeability of hydrogen at atmospheric 
pressure and 58° C through a rubber sheet 0.03 cm. thick is taken as 32 liters, 
or 2.86 grams per square meter, in 24 hours. According to the data in Table 
III, sulfur at 58° C would pass through a sheet 0.03 cm. thick at a rate of 
0.56 gram per square meter per 24 hours. From the results of Taylor, Herrmann, 
and Kemp'* moisture at 58° C or at a vapor pressure of 135.6 cm. would pass 
through a 0.03-cm. sheet of rubber at a rate of 115 grams per square meter per 
24 hours. Some values have been calculated which show the relative rates of 
diffusion of hydrogen, sulfur, and moisture through a 0.03-cm. thick sheet of soft 
vulcanized rubber at 58° C. These results in Table IV show that, under the 
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vapor pressure existing at 58° C, the molecular diffusion of hydrogen is 650 times 
that of sulfur, but that under 1 mm. vapor-pressure difference, sulfur diffuses 
6700 times faster than hydrogen. 


SOLUBILITY OF SULFUR IN RUBBER 


The data in the literature on the solubility of sulfur in rubber are plotted 
in Figure 9 and show a considerable difference between the values given by 
Loewen?®, by Morris"! and by Williams**. The values of Kelly and Ayers fall 


\ 
oO 


re} 


y 


@-LOEWEN 
O-WILLIAMS 
x-MORRIS 

+-KELLY AND AYERS 
OD-ENDRES 


4-PRESENT 
INVESTIGATION 


30° 40° S0° 60° 80° 100° | 1 


° 
° 


i 
Ww 
a 
a 
> 
x 
w& 
° 
2) 
= 
< 
a 
re) 
° 
4 
) 
2 
< 
a 
re) 
z 
a 
> 
aw 
a 
= 
a 
wu 
°o 
> 
= 
= 
o 
> 
= 
° 
” 


° 
wh 
N 
w 
o 


33 32 31 930 20° 228°. 22 25 25 
1 


TK, 
Fic. 9.—Effect of temperature on the solubility of sulfur in masticated crepe rubber. 


x 103 


on the same straight line as those of Morris, and one value at 95° C reported by 
Endres’ falls close to Williams’ results. 

In view of the large differences in the results obtained by the different investi- 
gators, it seemed important to determine which values were most reliable. Crepe 
rubber was mixed on a mill with sulfur varying in amount from 1 to 5 parts per 
100 parts of rubber in steps of 1 part for a period sufficient to dissolve all of 
the sulfur, judged by microscopic examination. When these mixtures were al- 
lowed to stand at room temperature, the one containing 1 part of sulfur did not 
show sulfur precipitation after standing for several weeks at 20° C, whereas the 
one containing 2 parts of sulfur showed the first separation of dendritic sulfur 
after standing in slab form for 48 hours at room temperature after milling. The 
sulfur in the mixture containing 3 parts of sulfur precipitated after 30 minutes, 
but those with higher contents became cloudy almost immediately. Mixtures 
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containing 1 and 2 parts of sulfur were placed overnight in a refrigerator at 6° C, 
which resulted in the separation of considerable sulfur in the specimen containing 
2 parts. The specimen with 1 part of sulfur showed the separation of a small 
quantity of sulfur and became slightly cloudy. The temperature of this sheet 
was gradually raised until it became clear, which indicated that the sulfur was 
dissolved. It was then slowly cooled to 12° C, whereupon unmistakable separa- 
tion of sulfur occurred. Repeating these observations, it was estimated that 1 
part of sulfur is soluble in rubber at 14° C. Figure 9 shows that this result 
falls on the extrapolated line connecting Williams’ results. 

Sheets containing 2 parts of sulfur were placed in an air oven with a glass door 
through which changes could be observed microscopically. Specimens were placed 
in an oven at 40°+0.5° C (a) immediately after milling; (6b) after standing 
48 hours at room temperature, during which period the separation of sulfur 
occurred, and (c) after overnight storage in a refrigerator at 6° C. No separation 
of sulfur occurred in specimen a after 5 days. A large part of the dendritic sulfur 


TABLE V 


SoLuBILITY oF SULFUR IN MAstTIcATED CreEPE RuBBER AT VARIOUS 
TEMPERATURES 


Temp. detd. Temp. from plot 
experimentally in Fig. 9 Solubility 
e (°C) (G. per. 100 g. rubber) 


14° 15 1.0 
40° 40 2.0 
55” 56 3.0 
70° 70 : 
78.5” 79 
88” 88 
96 
103 
110 
116 


“ Obtained by slow cooling to determine cloud point. 
> Obtained by milling experiments. 


which had separated in specimen c transformed into rhombic crystals, some of 
which were grouped in long chains. In the case of specimen (0b), the small 
quantity of sulfur which had separated did not redissolve completely until the 
temperature was raised several degrees. When the temperature was lowered to 
38° C, unmistakable separation of sulfur occurred in specimen a after standing 
overnight. These observations led to the conclusion that 2 parts of sulfur saturate 
100 parts of masticated crepe rubber at 40° C. 

To determine the temperature of saturation of 3, 4, 5, and 6 parts of sulfur 
in rubber, careful observations were made during milling to determine the lowest 
temperature required for complete solution. When the sulfur was in complete 
solution, the temperature was gradually lowered to determine the cloudy point 
and then raised to determine the clear point. Supersaturation effects were prac- 
tically eliminated by the milling, and it was possible to ascertain the point of 
sulfur separation within +1° C, after acquiring the technique. The values ob- 
tained in this investigation are given in Table V, and are compared with those 
taken from the plot of Williams’ results in Figure 9. 

After considerable undissolved sulfur has separated from rubber, one expects 
‘ this sulfur to go into solution slowly when the mixture is heated at its saturation 
temperature, because sulfur diffusion is extremely slow with the low concentra- 
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tion gradient existing between the sulfur and the rubber adjacent to it. To cause 
this sulfur to dissolve in a reasonable length of time, the temperature must be 
raised considerably to increase the solution gradient. This technique leads to 
saturation temperatures which are too high, as indicated by the work of Morris". 
lf the temperature of a mixture containing all the sulfur in solution is lowered 
too rapidly, supersaturation occurs, and low results for saturation temperature 
will result, as pointed out by Williams. Loewen’s results appear to have been 
obtained in this manner. The technique employed by Williams avoided the above 
difficulties. Determination of solubility on the mill also made it impossible to 
obtain supersaturation, since the rubber was being actively mixed during heating 
and cooling. Gradual cooling with disturbance of the sample to determine the 
first indication of cloudiness leads to satisfactory results. 

In view of these considerations and the fact that our results are in close agree- 
ment with those of Williams, the straight line connecting Williams’ results?® and 
our results shown in Figure 9, is believed to be most acceptable. 


RATE OF SOLUTION OF SULFUR DURING MILLING 


To determine’ the approximate time necessary for sulfur to dissolve during 
milling, the following procedure was used: 

1. Initial roll temperature, 66° C. 

2. Breakdown, 400 grams crepe rubber, 10 minutes, with mill rolls opened 
to 0.038.cm. for first 3 minutes, and 0.14 cm. for next 7 minutes. 


TasLe VI 


MILLING TIME NECESSARY FOR COMPLETE SOLUTION OF SULFUR IN CREPE RUBBER 


Parts S added Temp. of batch Time for complete 
per 100 parts during milling solution of 8 
rubber (CC) (Min.) 


55 


“ Cloudiness at end of this period showed that the solubility of sulfur in rubber is exceeded. 


3. Batch cut at 30-second intervals. 

4. Rolls opened to 0.20 cm. after 10-minute breakdown. 

5. Sulfur added in next 2 minutes. The sulfur used was screen-tested, and 
91 per cent was found to pass through a 120-mesh sieve, 72 per cent through 
200 mesh, and 45 per cent through 325 mesh. 

Immediately after the addition of the sulfur, and at 2-minute intervals there- 
after, microscopic observations were made on specimens taken from the mill rolls 
to note the point of complete solution. The data obtained are given in Table VI. 
These results show that the time required for complete solution of sulfur in 
rubber at normal milling temperatures depends on the amount of sulfur added. 
This time increases considerably when the sulfur content approaches the satura- 
tion value at the milling temperature employed. Higher milling temperatures 
would obviously reduce the time necessary for solution, and increase the limiting 
amount of sulfur which can be dissolved on the mill. 
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HETEROGENEOUS OR SPOTTY VULCANIZATION 


Several years ago heterogeneous or spotty vulcanization was noted in the case 
of certain pure gum stocks which were vulcanized with 2.5 per cent of sulfur, 
using either tetramethylthiuram monosulfide or mercaptobenzothiazole accelera- 
tion. Recent investigation has shown that this condition is caused by the pres- 
ence of undissolved sulfur in the rubber at the start of vulcanization. Standard 
practice calls for allowing the mixed and sheeted stock to stand 24 hours at room 
temperature before cure. If sulfur has been dissolved in rubber on the mill, 
the dissolved sulfur present in excess of saturation at room temperature sepa- 
rates on standing within the rubber in dendritic form, which slowly changes to 
rhombic crystals, which grow in size. Usually more or less rhombic sulfur will 
crystallize on the surface to form a bloom, especially if the surface has been 
disturbed. When the compound is vulcanized, the larger crystals of sulfur melt, 
and slowly go in solution in the rubber. The area surrounding the liquid sulfur 
droplets becomes vulcanized excessively, and appears as a bright spot in the 
sheet if a composition has been selected which does not discolor sufficiently dur- 
ing vulcanization to obscure the effect. If the stocks are allowed to stand longer 
than 24 hours before vulcanization, as is frequently the case, the sulfur crystals 
grow in size and the heterogeneous or spotty condition is increased. Although this 
spotty condition appears to exist throughout the sheet, crystallization or blooming 
of sulfur on the surface of the uncured slab results in severe spotting of the 
surface of the sheet. This is believed to be due to the spreading of the molten 
sulfur droplets on the surface in contact with the mold. 

The spots become more apparent as the time of cure is advanced and are 
most evident after an extensive overcure. Vulcanized specimens showing this 
condition were photographed by placing sheets 0.19 cm. thick on an opal glass 
plate, 12.7 cm. from a light source of 2000 watts intensity, using an exposure 
of 1 minute at F-90 with Plenachrome film. 

The spotty condition is exaggerated in compounds which vulcanize rapidly 
at a relatively low temperature. To determine the effect of several variables on 
spottiness the following base compound was selected: 


Crepe rubber 

Zine oxide 

Stearic acid 

Tetramethylthiuram monosulfide . 
Zinc dimethyldithiocarbamate 0.10 
Sulfur Variable 


Experiments in which stearic acid was eliminated and the zinc oxide reduced 
to 0.5 part resulted in no change in the spotty condition of the vulcanized sheets; 
this shows that sulfur plays the major rdle in causing heterogeneous vulcanization 
in this particular compound. 


EFFECT OF SULFUR CONTENT 


Compounds were prepared by adding 1, 1.5, 2, 2.5, 3, and 4 parts sulfur to 
the base compound, and allowing the stocks to stand several days at room 
temperature before vulcanization. Vulcanization was carried out for various 
periods at 109° and 127° C. The stocks were milled 12 minutes at 55° to 60° C 
after sulfur addition. 

Spottiness was absent in all compounds containing 1.0 part of sulfur at all 
cures. It showed up faintly in the compound containing 1.5 parts and distinctly 
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in the compounds with 2.0 and 2.5 parts of sulfur. Spottiness was most pro- 
nounced in the compounds containing 3.0 parts of sulfur. The compound con- 
taining 4.0 parts of sulfur was practically free from spottiness at optimum cure, 
but showed considerable spottiness when cured for twice the optimum length of 
time. The optimum was judged in all cases by the development of the first maxi- 
mum product of modulus at 600 per cent elongation and tensile strength. The 
spotty condition was consistently less pronounced in sheets cured at 110° C, 
compared with those cured at 127° C. 

The reduced spottiness in the compound containing 4.0 parts of sulfur is due 
to the fact that some of the sulfur was not dissolved and formed a nucleus for 
internal crystallization which lessened surface bloom. This effect has already 
been noted by Twiss?°. 


Tas.Le VII 


Errect or AMOUNT OF SULFUR AND TEMPERATURE OF VULCANIZATION ON PHYSICAL 
PROPERTIES AND TEMPERATURE COEFFICIENT 


Load at 
Optimum ® 600% 

Vulcani- Vulcani- Tensile elonga- 10°C 
zation zation strength % tion temp. 
temp. time (Kg. per elonga- (Kg. per coeffi- 
(°C) (Min.) sq. cm.) i sq. cm.) cient ° 
109.4 283 67 18 
126.1 204 42 
109.4 276 102 2.0 
126.1 248 * 74 
109.4 304 132 2.2 
126.1 , 260 74 

66.5 292 2.4 
109.4 315 22 
126.1 271 

66.5 301 24 
109.4 271 2.0 
126.1 264 

66.5 272 26 
109.4 288 2.0 
126.1 : 257 675 


@ Base compound : crepe rubber 100.0, zinc oxide 3.0, stearic acid 1.25, tetramethylthiuram mono- 
sulfide 0.40, zinc dimethy ldithiocarbamate 0.10. 

> Appearance of first maximum product of tensile strength and modulus at 600 per cent elongation. 

¢ Determined by equivalent moduli for undercures. 


The effect of variations in sulfur content on the vulcanization of soft rubber 
is indicated in Table’ VII. The lowest temperature coefficient was found in the 
compound containing 1.0 part of sulfur, and the highest values resulted from 
higher contents of sulfur and lower temperatures of vulcanization. It appears, 
then, that the temperature coefficient of the rate of vulcanization may be in- 
fluenced by heterogeneous dispersion of the sulfur. In the case of the compound 
containing 1 part of sulfur, it is certain that this sulfur was completely and uni- 
formly in solution during vulcanization, since the solubility of sulfur at room 
temperature is over 1 per cent. It is recommended that future work in deter- 
mining temperature coefficients of vulcanization rate be carried out on com- 
positions where it is certain that the sulfur, accelerators, and activators are all in 
uniform solution during vulcanization. 

It is of interest to compare the temperature coefficient for increased rate of 
vulcanization for 10° C temperature increase with the temperature coefficient for 
vapor pressure of sulfur. The temperature coefficient for vapor pressure of sul- 
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fur was obtained from Gruener’s data in Figure 8 (left). The average values 
range from 2.6 to 2.2 in the temperature range 70° to 120° C. The agreement 
between the published 10° C temperature coefficients for increased, vulcaniza- 
tion rate®, and the above values for temperature coefficient of vapor pressure 
of sulfur is excellent. The increase in the rate of vulcanization of rubber with 
increased temperature depends in part on the increase in the vapor pressure 
and diffusion of sulfur resulting from an elevation of temperature. This would be 
expected, since reactivity depends on collision of sulfur atoms with the unsaturated 
carbon atoms in the rubber hydrocarbon. 


EFFECT OF VARIATIONS IN MIXING AND STORAGE CONDITIONS 


The effects of milling time after sulfur addition and of time of storage be- 
tween mixing and vulcanization were investigated; batches were used of the test 
formula containing 3.0 parts of sulfur, milled 1, 3.25 and 14 minutes, respectively, 
at 70-80° C after the sulfur addition. Test sheets were vulcanized at 127° C 
after various periods of compound storage at room temperature and 90 per cent 
relative humidity. The results of these tests are given in Table VIII, and repre- 
sent the complete range of test values for several test specimens. No results for 
breaks outside of restricted section are included. The results show that, when 
the sulfur is not dissolved in the rubber at the time of vulcanization, the rate 
of vulcanization is decreased and the quality of the vulcanizate is lowered. When 
the stock is allowed to stand 24 hours before vulcanization, the sulfur diffuses and 
partly dissolves in the rubber, and the vulcanization rate increases to normal. 
The strongest and most uniform vulcanizates were obtained by dissolving the 
sulfur in the rubber on the mill and allowing the stock to stand the shortest 
time before vulcanization. 

These erratic results serve to show some of the large variations which may 
occur in certain rubber compounds unless mixing and storage conditions are 
carefully considered and properly controlled. These results also show that the 
time of storage at room temperature has a profound effect on the physical 
properties of the rubber, especially in the case of overcured samples. The effect 
of storage was greatest in the case of the stocks which were milled the longer 
period after sulfur addition, and vulcanized 24 minutes. Breaks in jaws and 
very low tensile values were found to be associated with. the presence of large 
overcured spots. The development of spottiness or heterogeneity is shown in 
Figures 10 to 16. 

The difficulties encountered by various laboratories in duplicating test results 
on separate batches of the same compound are well recognized. The present work 
showing the effect of varying the milling schedule and time of storage will ac- 
count for some of the variations encountered. 

Since wide differences must necessarily exist in the preparation and properties 
of different stocks, obviously it has not been possible or practical to specify 
standard conditions for milling, storing and handling which could be applied 
generally. 

Present variations in laboratory and factory practices in the mixing and hand- 
ling of rubber compounds are both numerous and extensive, and will undoubtedly 
remain so in view of the nature of the work and objectives to be achieved. 
Rubber research, however, has suffered from this situation, owing to lack of 
knowledge in the control of the variables which are involved in processing 
rubber, to say nothing of the variations in the raw materials. This frequently 
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leads to wrong conclusions being drawn by ascribing differences in physical data 
to the wrong variable in the experiment. 

Some progress in the standardization of rubber processing for laboratory 
testing has been made by the Physical Testing Committeet. Much more effort 


TaBLe VIII 


Errect oF SULFUR DISPERSION ON VULCANIZATION 
1-Min. MILLING TIME AFTER SULFUR ADDITION 
Tensile strength 
A. 


. Condition- Vulcani- Before After. 
ing period zation * aging aging ® 
after period at ‘ ae e Elongation Load at 500% 
mixing 127°C (Kg. per sq. cm.) at break elongation ° 
(Days) (Min. ) r A (Per cent) (Kg. per sq. cm.) 
12 172-186 197-250 830-870 
242-295 49-141 590-640 
91-235 102-116 420-590 
32-270 18-162 270-610 
211-274 141-183 560-615 119-127 


264-292 144-183 630-650 88-105 
225-281 102-193 600-650 67-112 
246-267 25-120 630-640 84-91 
232-267 0-190 620-640 77-91 
197-274 74-155 600-650 81-119 
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3.25-Min. MILLING TIME AFTER SULFUR ADDITION 


155-193 211-267 890-940 0-7 

235-302 158-193, 600-630 112-119 
207-316 144-179 545-610 151-158 
267-288 98-197 565-580 169-172 
250-292 109-155 570-600 148-154 


257-299 134-155 610-640 112-119 
218-271 148-179 * 90-620 98-105 
232-260 39-172 590-610 119-119 
235-253 28-176 580-600 109-112 
176-246 39-67 560-600 98-112 


14-Min. Mituine Time AFTER SvuLFUR ADDITION 


292-299 193-225 670-670 74-84 
236-278 14-148 570-600 134-141 
197-253 4-46 570-600 123-127 
239-257 32-46 600-610 116-120 
35-211 0 370-580 X-116 


229-267 176-176 590-610 109-116 

239-257 21-102 600-610 102-116 
21-179 4-7 320-560 X-105 

134-190 11-18 520-570 106-116 

7-46 0 220-390 xX 

« The best cure established by following A. C. S. methods? was found to be 12 minutes at 127° C. 

> 7 days in air oven at 70° C. 

¢ X denotes no test possible. 
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however is required in this field to reduce the variations still existent in the 
preparation and testing of rubber compounds. 
DISCUSSION 


It is apparent that heterogeneous vulcanization might also result from a non- 
uniform dispersion of accelerators or activators. For example, Morris'? found 
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Fic. 10.—Unusual form of sulfur crystals 
in masticated crepe resulting from absorption 
of sulfur at 56° C. 


A. 8 parts sulfur in base B. 8 parts sulfur in base Cc. 3 parts sulfur in base 
compound, no — before compound, 1-day storage be- compound, 11-day storage be- 
cure. fore cure. E fore cure. 


Fig. 11.—Absence (A) and presence (B, C) of spots in vulcanized rubber sheet cured 24 
minutes at 20 pounds (x 1). 


A. 1.5 parts sulfur in base 2B. 38 parts sulfitr in base 
compound. - compounds. 


Fic. 12.—Absence (A) and presence (B) of spots in vul- 
canized rubber sheet stored 3 days before cure for 30 min- 
utes at 20 pounds. 
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Fie. 13.—Effect of dusting sulfur 
on rubber surface, containing 1 part 
sulfur in the base compound, before 
cure at 25 minutes and 20 pounds 


(x 1). 


Fig. 14.—Sulfur spot on surface of vulcanized rubber with sulfur bloom around 
spot (x 55). 
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that mercaptobenzothiazole and tetramethylthiuram disulfide are soluble in rub- 
ber to the extent of about 1 per cent at 100° and about 2 per cent at 127° C. 
Both of these accelerators are practically insoluble in rubber at ordinary tem- 
perature. It is readily realized therefore that a large proportion of these ac- 
celerators is likely to be partly in solid dispersion rather than in solution in 
the rubber at the start of vulcanization. Uniform distribution of accelerators will 
probably not take place during vulcanization because of their low diffusion rate 
in rubber. This condition would result in local spots in the rubber which have 
high accelerator concentration. It appears, therefore, that heterogeneous vul- 
canization is the result to be expected, judged from present practice in mixing 
and vulcanizing. 


2 per cent sulfur in masticated crepe (x 22). B. 8 per cent sulfur in masticated crepe (x 80). 


Fic. 15.—Presence of dendritic sulfur in rubber after standing 2 days. 


In a recent investigation carried out by Williams?‘, it was shown that vul- 
canized rubber can be separated into fractions which contain different quanti- 
ties of combined sulfur. The cause of this heterogeneity can now be explained, in 
view of the present investigation, as due to uneven distribution of reactants dur- 
ing vulcanization. 

Numerous investigators have shown that the rate of chemical combination 
of sulfur with rubber during vulcanization does not increase in proportion to 
the amount of sulfur present, but the explanation has not previously been made 
clear. The effect of heterogeneous dispersion of sulfur and accelerators during 
vulcanization has not been given sufficient consideration in past studies of the 
vulcanization reaction. 

In high-sulfur stocks, most of the sulfur exists as a solid dispersion in the rubber. 
As the temperature is increased, this dispersed sulfur gradually enters into 
solution by diffusion. The rate of solution will depend on the temperature, fine- 
ness of dispersed sulfur, rate of reaction of sulfur with the rubber, total amount 
of sulfur present, and changing solubility and rate of diffusion of sulfur in the 
rubber during all stages of vulcanization. The action of accelerators also will 
depend on diffusion and solubility phenomena. 
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Fia. 16.—Effect of 8 per cent sulfur in masticated crepe after standing for 14 days at 
room temperature (x 90). 


. Presence of sulfur dendrites. 
Below. Result of transformation of dendritic to rhombic sulfur. 
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HEAT CONDUCTIVITY OF RUBBER 
AT LOW TEMPERATURES * 


ApoLF SCHALLAMACH 


Davy FarapAyY RESEARCH LABORATORY, RoyaL INSTITUTION, LONDON 


While examining the possibilities of applying rubber in low temperature work, 
we were hampered by the lack of available data on its physical properties at low 
temperatures. We were aware of the difficulties to be expected in making 
accurate measurements in that temperature region, and this applied especially 
to the heat conductivity, in which we were particularly interested. To obtain at 
least an estimate of the order of magnitude, we carried out some measurements 
of the heat conductivity of commercial rubber (North British tire rubber) 
at room temperature and at the ‘temperature of liquid air. 

We used the standard method, i. e., heat transmission through a thin sheet, 
at both temperatures, with a small vacuum apparatus which had a circular 
cross-section of about 7 sq. cm. The specimen had a thickness of 0.9 mm. We 
checked the low-temperature measurement by the following method. A bag 
of the same rubber was immersed in liquid oxygen and filled with liquid nitrogen. 


The rate of evaporation of the nitrogen was then measured and this, together’ 


with the dimensions of the bag, allowed an independent determination of the 
heat conductivity. The mean values obtained by the two methods are as 
follows: 


Temperature Heat conductivity 
(absolute) (cal. per sec. per cm. per degree) 


This considerable drop in heat conductivity to, say, one-fortieth from room to 
liquid air temperature, does not seem to be confined to this particular rubber, 
for other specimens which we subjected to rough measurements showed a 
similar behavior. 


* Reprinted from Nature, Vol. 145, No. 3663, page 67, January 13, 1940. 
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THE EFFECT OF SILENT ELECTRIC 
DISCHARGES ON RUBBER 
SOLUTIONS * 


Lotruar Hock and HeErnricu LEBER! 


Puysico-CHEMICAL INSTITUTE OF THE UNIVERSITY OF GIESSEN, GERMANY. 


INTRODUCTION 


Tue SIGNIFICANCE OF SILENT DISCHARGES IN THE CHEMISTRY OF HiGH-MOLECULAR 
SUBSTANCES 


To the investigations of Berthelot and de Hemptinne* on the effects of silent 
electric discharges on organic compounds should be credited the discovery that 
polymerization can in many cases be induced by such treatment. Also of special 
significance is the discovery, toward the end of the last century, by the Belgian 
chemist, de Hemptinne, that mobile fat oils can be transformed by silent electric 
discharges, in an atmosphere of hydrogen, into highly viscous oils. Based on this 
phenomenon, a technical process for the manufacture of valuable lubricating 
oil, the socalled Voltol, was successfully developed, and since that time this 
oil has become of considerable economic importance. A more thorough physico- 
chemical investigation of the phenomena involved in the formation of Voltol 
was carried out by Hock®, following a suggestion of Nernst. In this work, the 
assumption was made that the electric discharges act on the individual fat acid 
residues through ionic and electronic collisions, which in turn cause polymeriza- 
tion of the corresponding molecules. In this way high-molecular compounds are 
formed, and these remain dissolved in a less polymerized mother liquid and 
thus impart a very high internal friction to the whole system. 

Hock was further able to show’ that, in addition to these compounds, polymers 
are formed which are insoluble in the oil and. separate in the form of small 
flocculates, the socalled “Voltol fish”. To a certain extent these resemble white 
factice, a material formed from oil and sulfur, and they are insoluble in all 
organic solvents. According to present day views of the chemistry of high 
molecular substances, these polymers should have a three-dimensional network 
of original free chain-form molecules, so that attack by solvents does not continue 
beyond the stage of swelling. 

In addition to these investigations, Eichwald and Vogel* studied the formation 
of Voltol, chiefly from the purely chemical and technical points of view, and 
proved that hydrogen is liberated by the action of electric discharges. This 
fact follows from the at first surprising result that, in an atmosphere of pure 
nitrogen, oleic acid, an unsaturated acid, is partially transformed into stearic 
acid, a saturated acid, under which conditions the liberated hydrogen atoms 
combine with oleic acid, while the oleic acid molecules, activated from a valence 
point of view by their loss of hydrogen atoms, combine at the same time to 
fofm high-molecular Voltol acids. That: a chemically active gas is in general 
not necessary for the formation of Voltol was shown by Hock in the work 
already mentioned’, in which it was found that Voltol is formed in an atmos- 
phere of argon. 


* Translated for RUBBER CHEMISTRY AND TECHNOLOWY from the Kolloid-Zeitschrift, Vol. 90, No. 1, 
pages 65-77, January 1940. 
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We owe to Becker® the production of pure hydrogen electrically from hydro- 
carbons, and the development of a particularly suitable laboratory apparatus for 
the experiments. According to the technique of Becker, a fine foam is formed 
from the liquid in the electric field through which the gas is conducted, so 
that the discharge is particularly effective. This apparatus was utilized subse- 
quently by Hock and Nottebohm® in further work on the polymerization of fat 
oils, and also by Hock and Fromandi’ in their first experiments on the exposure 
of rubber solutions to the action of silent electric discharges. 

Whereas in the past the idea had been to polymerize substances of low molec- 
ular weight by the electric method, with the ultimate view in some cases of 
obtaining highly polymeric compounds, e. g., the polymerization of decalin 
(decahydronaphthalene) to a shellac-like flaky product’, in the work described in 
the present paper experiments were concerned for the first time with the effect 
of electric discharges on substances which were already in a high-molecular state. 
In this case it seemed probable that there would be either a breakdown of 
large molecules to smaller molecules or a building up of already large molecules 
to still greater molecular units, in the latter case either by a lengthening of the 
molecular chains or by the formation of a network structure. 

Since a network with sulfur atoms as structural units* represents theoretically 
the state of ordinary vulcanized rubber, the structure mentioned above might be 
regarded as an electric vulcanizate of rubber with rubber. In the experiments of 
Hock and Fromandi’, solutions of natural rubber and also solutions of synthetic 
isoprene rubber (sodium-isoprene rubber from polymerized isoprene) were ex- 
posed to electric discharges, with the result that in most cases breakdown of 
the molecules took place, a phenomenon characterized by a considerable 
decrease in internal friction of the solutions and by other changes. 

In the case of isoprene rubber, however, the molecular size unexpectedly in- 
creased at the beginning, and this change was accompanied by other char- 
acteristic changes; but this increase very soon stopped and the molecular size 
then decreased. This discovery induced the authors to carry out the confirma- 
tory experiments described in the present paper, particularly since unpublished 
experiments by Hock and Wagner in 1933 on natural rubber had shown that the 
size of the molecules can be increased to the point where an insoluble form of 
rubber is obtained. 

The polymerization of isoprene to rubber, of butadiene to Buna, etc., under 
the influence of catalysts represents reactions which proceed spontaneously, 
whereby activated molecules capable of forming chains are formed by a 
primary reaction with expenditure of a definite heat of activation. These chain 
molecules then arrange themselves side by side in such a way that the in- 
dividual chains form a network. The process finally comes to a. stop by rupture 
of any chain. 

Polymerization by the action of silent electric discharges differs fundamentally 
from this mechanism in that activation of the molecules or molecular con- 
stituents is effected by an external force of some kind. In the case of spon- 
taneous polymerization, the activation process is perhaps the slowest process 
of all, and therefore it is the one which governs the order of the reaction {as 
in the thermal polymerization of styrene to polystyrene, which both Mark and 
Raff®, and Schulz and Husemann’® in 1936 studied from the kinetic point of view). 
In contrast to this, chain growth proceeds at a relatively high rate. On the 
other hand, in the case of polymerization under the influence of silent electric 
discharges, the activation by an external force governs the course of the reaction. 
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The rate of polymerization therefore depends primarily on the electric condi- 
tions, and the progress of the reaction remains to a considerable degree inde- 
pendent of the temperature. 

It becomes possible in this way to set in motion, through activation by an 
external force, a reaction which otherwise would not progress at all spontaneously. 
In its present state, the application of the method of silent electric discharges 
to the chemistry of highly polymeric substances means that new possibilities are 
placed at one’s disposal for synthesizing substances of progressively higher 
molecular weights. 


PROBLEMS INVOLVED IN THE PRESENT INVESTIGATION 


In contrast to the careful experiments of Hock and Fromandi’, which showed 
that natural rubber in solution is broken down chemically by electric. treatment, 
it was later found possible to build up ordinary rubber molecules into larger 
molecules, as had already been indicated by the experiments of Hock and 
Fromandi on isoprene rubber. In view of this, a continuation of the work in 
the same direction seemed, even at that time, to be of promise. In the ex- 
periments of Hock and Wagner, already mentioned, the results of Hock and 
Fromandi were provisionally accepted as established in that it was considered 
that if the experiments were repeated, no polymerization of natural rubber would 
take place. If it were assumed, however, that the addition of even the smallest 
quantities of chemically active substances, e. g., iodine trichloride, to hydrogen 
might lead to the formation of unstable compounds of rubber with iodine or 
chlorine, it would then be possible, by subsequent decomposition of these 
molecules, to obtain more reactive molecules, and thus to bring about polymeri- 
zation. Experiments seemed to confirm this supposition, but when the experi- 
ments were repeated without the addition of such reagents precisely the same 
results were obtained. 

The fact is that when the hydrogen was very carefully purified and even 
traces of oxygen were removed, a synthesis of the rubber molecules to larger 
molecules instead of a breaking down took place. Hock and Fromandi’ themselves 
made careful attempts to purify the hydrogen which they used, but this was not 
done so thoroughly as was done later for the first time in an intelligible way, after 
Staudinger and Dreher™ had shown so convincingly, in their exact experiments 
on the viscosity of rubber solutions, the effect which even mere traces of oxygen 
have on the molecular size of rubber. Even a few atoms are sufficient to rupture 
chains here and there, with formation of molecular fragments. The first ex- 
periments on polymerization in which attention was paid to this fact were 
carried out in collaboration with A. Rosenberg, to whom thanks are due for his 
contribution to the work. 

From these experiments a general procedure for the work described in the 
present paper was planned, direct advantage being taken of the experiments of 
Hock and Fromandi to use only hydrogen gas which had been completely freed 
of oxygen. 

The experiments were carried out on the one hand with natural rubber 
(benzene solutions of crepe) and on the other hand with synthetic rubber 
(Zahlenbuna and Buna 85)!*. As in the polymerization of fat oils, the process 
can be continued not only to the point where an increasingly viscous solution 
is formed, but also to the point where a flaky gel-like substance separates, 
which after purification is found to be an insoluble form of rubber with a 
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three-dimensional network structure, in accord with its synthesis. Both natural 
rubber and Buna rubber can be polymerized to these states. Of course the final 
products of this method of polymerization lack all of the elasticity and plasticity 
which are so characteristic of rubber. However, when the polymerization is 
restricted so that the highest polymers formed remain soluble, then plastic 
and elastic forms of rubber are obtained, which in some respects, including 
tackiness and solubility, still closely resemble natural rubber. 

The problem resolved itself therefore into the development of methods for 
obtaining these various stages of polymerization, for separating the individual 
fractions, for purifying these fractions and for characterizing their properties. 
Also there was the problem of determining whether it was possible, by the addi- 
tion of other polymerizable substances during the electric treatment, to obtain 
products consisting of mixed polymers with rubber or Buna. Finally it seemed 
desirable to study the technical importance of the new types of rubber, insofar 
as this was possible with the limited quantities which were prepared in the lab- 
oratory experiments’. 

Insofar as the technical aspects of the work are concerned, the investigation de- 
scribed in the present paper, which was carried out with the aid of the Minister 
of Commerce, is part of a more comprehensive problem in the automotive in- 
dustry. In addition to the possibilities offered by the present technique of manu- 
facturing tires and by current factory methods, ways and means are to be 
sought to increase the heat resistance of automobile tires, or to improve their 
heat economy. Since tires and the vulcanized rubber mixtures which compose 
them are not ideal elastic bodies, a more or less large percentage of the work 
absorbed in the elastic effects during operation is transformed into heat, and 
the greater the load and the higher the speed, the greater is this transformation: 
of work into heat. Furthermore, since rubber is a poor conductor of heat, 
there is only an incomplete loss of heat, and therefore a corresponding increase 
in the temperature during operation. Under particularly unfavorable conditions, 
this internal heat may lead to chemical decomposition, i. e., to destruction of the 
rubber, which renders the tire useless. But even before this happens, the 
tensile strength and elastic properties of the rubber are so badly affected that tne 
tire may become prematurely unfit for service at high speeds or under heavy 
loads. 

To increase the serviceability of tires above present standards, an improve- 
ment in their heat economy is necessary. It is possible to attain this in various 
ways. For example, an attempt can be made to increase the heat conductivity of 
rubber by adding materials of higher conductivity than that of the rubber, 
provided that they do not impair the technically important properties of the 
mixtures. Then again efforts can be made, as was done in the present work. 
to produce new types of rubber, which might be found to have inherently 
greater fesistance to heat. Although these polymers are more highly polymerized 
than the material from which they are made, and therefore have less tendency 
to soften and decompose, they still allow the hope that, in the vulcanized state, 
they may be more resistant to heat, so that elevated temperatures are less 
destructive to them than to ordinary rubber. Here it must of course be assumed 
that the greater resistance to heat which may be obtained is not offset by a 
higher energy loss of the new type of rubber; in other words, the “damping” 
of mixtures prepared from these polymerized rubbers should be no greater than 
before; otherwise the tires would develop higher temperatures. Even if the 
tires withstand these higher temperatures, there is still nothing in general 





EFFECT OF ELECTRIC DISCHARGES 835 


to be gained. There is absolutely no reason, however, to expect an increase in 
the degree of polymerization to be accompanied by an increase in energy loss, 
i. e€., @ damping effect. It has not been the aim of the preliminary part of the 
investigation described in the present paper to settle these technical problems; 
rather it has been limited in the beginning to an investigation of the possibilities 
of transforming natural rubber and artificial rubber by means of silent electric 
discharges. The idea in this case was to increase the degree of polymerization, 
although within such limits that the valuable elastic and plastic properties of 
the original rubber would not be impaired. The experiments concerned with 
technical mixings were intended merely to prove that the new types of rubber 
not only represent chemical products with special properties, but also that they 
have the essential properties considered necessary for ordinary technical process- 
ing. Whether these properties meet expectations in the ways just pointed out 
can be proved only by a further series of experiments still to be carried out. 


THE REACTION APPARATUS 


The electric discharges were produced in an apparatus which was similar to 
that used by Hock and Fromandi’, but in which several important changes were 
made (see Figure 1). 

In principle the apparatus was, as before, a Siemens ozone tube. Two con- 
centric glass tubes a and 3, sealed tightly by the ground glass section A, enclose 
a space between them which serves as the reaction chamber, 5 mm. wide. Tube 6 
is surrounded by a cooling jacket c, within which electrode H,, in the form of a 
copper wire, is suspended. From the regulating stopcock H, purified hydrogen 
passes through a fine-pored sieve plate or glass frit S in the discharge chamber R, 
where it breaks up the reaction mixture into fine particles and creates a foam, 
which is greatly increased by application of the high tension discharge. 

The circulating liquid passes through d into two foam traps e, and eé,, is 
broken up in these traps, and then flows through f back again into reaction 
chamber R. The valve g serves as an outlet for the treated solution; h leads 
to the water jet pump, and M is a manometer which shows the pressure within 
the apparatus. 

The apparatus acts as a condenser. The inner tube a serves as a second 
electrode #,, which contains a saturated sodium chloride solution as the electrode 
liquid. 

The alternating current was obtained by the same method used by Hock and 
Fromandi? and by Hock and Nottebohm®, and described by these workers. The 
voltage was approximately 5000, the frequency approximately 500 per second. 


PURIFICATION OF HYDROGEN 


The importance of the hydrogen being free of oxygen has already been men- 
tioned. A particularly careful method for preparing pure hydrogen was de- 
veloped, with the use of an apparatus, the principle of which was suggested 
by that of Kautsky and Thiele’. 

Hydrogen, obtained from an ordinary supply cylinder, passed through a fine- 
pore porcelain cell into a column approximately 1 m. high, of 20 per cent sodium 
hydrosulfite. Indigo was added to this solution as an indicator; on reduction 
to indigo white the solution turned yellow. As soon as the solution was consumed, 
the color changed to blue as a result of oxidation of the indigo white to indigo by 
oxygen. Since absorption of oxygen takes place at low temperatures, the absorp- 
tion tube was provided with a cooling jacket with circulating water. 
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From here the hydrogen passed through a condenser which could be cooled 
with carbon dioxide snow to freeze out any water vapor contained in the 
hydrogen, and thence through a tube, approximately 30 cm. long, which was 
filled with active A-carbon (regenerated periodically in a vacuum heater), next 
through a layer of phosphorous pentoxide 40 cm. long, and finally through the 
regulating stopcock H into the electric discharge apparatus. 
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Fia. 1.—The reaction apparatus. Fic. 2.—Increase in the internal fric- 
tion of decalin alone. 


EFFECT OF ELECTRIC DISCHARGES ON PURE SOLVENTS 
DECALIN 


Since it was possible to expose rubber to electric discharges only when it 
was in solution, it was necessary to determine first of all whether the pure 
solvents themselves were changed in any essential way by exposure, in an 
atmosphere of hydrogen, to the action of electric discharges. Decalin (decahydro- 
‘naphthalene) was chosen as the first solvent to be investigated. With this sub- 
stance, as in all subsequent experiments, the procedure was to fill the discharge 
chamber R two-thirds full, 7. e., approximately 250 cc. with decalin, evacuate 
with a water jet pump, and flush out with hydrogen until all air was driven out. 
The current of hydrogen was then so regulated that the manometer M indicated 
a pressure of 19-20 mm. of mercury in thé discharge chamber. 

To prevent absolutely any inflow of air, care was taken throughout that out- 
side, i. e., beyond the regulating stopcock H, there was an. excess pressure of 
40-50 mm. (mercury) of hydrogen at all times. To be able to observe this 
pressure at any moment, a second manometer was installed between the purifi- 
cation system and the reaction apparatus. 

When all the precautions described had been taken, the alternating current was 
turned on and so regulated that the current strength was 0.2 ampere in the 
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exciter circuit and 0.45 ampere in the primary circuit, with a voltage of 110. 
This corresponded to approximately 10 milliamperes and 5000-5500 volts in the 
secondary circuit. 

During an experimental run, the Voltol tube was strongly cooled by tap water. 
The temperature of the outflowing cooling water was 8-10° C; the temperature 
of the electrode solution in tube a was approximately 15° C. 

Immediately after application of the electric current, the decalin began to 
foam considerably; this foam spread through tube d into the large bulb e,, 
liquified at this point, and the liquid flowed through f back into the reaction 
chamber R. This continuous cycle meant that a new surface of liquid was con- 
tinuously exposed to the electric discharge, so that all of the decalin in the 
apparatus was uniformly “electrified”. After exposure to the electric discharge 
for about one hour, the decalin assumed a yellowish color, perhaps as a result 
of slight oxidation (residual moisture of the once-vacuum distilled decalin). 
As in the experiments of Hock and Fromandi’, the exposure was continued for 
8 hours, with an applied voltage of 6200 instead of 5000, in order to correlate 
the results with other measurements made with the same apparatus. At the end 
of each hour, the experiment was interrupted to remove a small sample and 
determine its viscosity. 

Figure 2 shows the experimental results. In later experiments with rubber 
solutions, the duration of the experiments was 4 hours at the most, and only 1 
hour as a rule. In this length of time the decalin showed no increase in internal 
friction nor any tendency to form a precipitate, even when acetone was added. 
Accordingly the formation of a polymer of decalin as a disturbing factor was 
not to be feared, especially since voltages of only 5000 to 5500 were used in the 
electric treatment of the rubber solutions. 


BENZENE 


Benzene was exposed to an alternating electric discharge, with an exciter 
circuit of 0.2 ampere; a primary circuit of 0.45 ampere and 110 volts; a secondary 
circuit of 5500 volts (approximately 500 cycles per second); an excess pressure 
of the entering hydrogen of 45 mm. of mercury; and a pressure within the 
reaction chamber of 38 mm. (as a result of the higher vapor pressure of benzene). 

During the experiments, the apparatus was cooled by ice-water, which flowed 
out at a temperature of 6-8° C. 

No increase in viscosity could be detected after 4 hours’ exposure; in fact 
aside from a yellow coloration, no significant change in the benzene was notice- 
able. Accordingly, as with decalin, no complications were to be expected when 
benzene was used as solvent. The same result was obtained with toluene. 


PYRIDINE 


The procedure followed with pyridine was the same as with benzene, except 
that the pressure in the reaction chamber was again 20 mm. of mercury, and 
tap water at 10° C was used instead of ice-water for cooling. No appreciable 
disturbing changes in pyridine by the action of electric discharges were observed. 


THE EFFECT OF ELECTRIC DISCHARGES ON RUBBER SOLUTIONS 
Naturat, RuBBER 


In the experiments with natural rubber, a fairly viscous solution (9 grams of 
rubber in 100 grams of solution of crepe which had first been masticated and 
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reprecipitated once by acetone) was used, in most cases in benzene, because with 
its much lower boiling point, this solvent could be more easily evaporated than 
decalin from the solution. However, as a result of its rapidly increasing viscosity, 
the solution could no longer circulate after exposure to electric discharges for one 
hour. A tough, extremely adhesive gel formed on the inside of the apparatus, 
and this gel could be removed only by scraping. 

By precipitation with acetone of the rubber which still remained soluble, 
an apparently less highly polymerized form of rubber was isolated. This product 
was dried at 50° C in a vacuum (1 mm. of mercury). It will be described later 
in this paper. 

When a 6 per cent solution instead of a 9 per cent solution was exposed to 
electric discharges, circulation in the apparatus was more rapid, and only after 
3 hours’ exposure did it come to a standstill because of the formation of a gel. 

A 3 per cent rubber solution, which was a relatively thin liquid, was then 
exposed for 6 hours to electric discharges. In this case there was no tendency 
to form a gel; nevertheless the dissolved rubber underwent marked changes, as 
is evident by an examination of the data in Table II. 


Buna 


With synthetic rubber the procedure followed was the same as with natural 
rubber. As representative of synthetic rubber, Buna-85 was used in most of the 
experiments. It was previously extracted with acetone, and here too 3, 6 and 9 
per cent solutions were treated electrically. As far as superficial changes were 
concerned, solutions of Buna behaved, when exposed to electric discharges, 
exactly like solutions of natural rubber under the same conditions. No gel formed 
in the 3 per cent solution; a gel formed after one hour in the 6 per cent solution, © 
and a gel formed after one-half hour in the 9 per cent solution, irrespective 
of whether the solvent was benzene or decalin. 

These particular experiments showed that, when exposed to electric discharges, 
solutions of natural rubber and of Buna-85 undergo some sort of change which 
is manifest by an increase in internal friction and finally by the formation of a 
gel if the concentration is sufficiently high. When 1 per cent of the accelerator 
Vulkazit-P (based on the rubber content) was added to a 9 per cent solution of 
Buna-32, and the solution was exposed to electric discharges for 14 hours, the 
viscosity attained a value only 0.5 as great as that attained by a corresponding 
solution to which no accelerator had been added. Probably further investigations 
in this direction would lead to the discovery of substances which accelerate 
polymerization by electric discharges and even play a part in determining its 
character. 


EXAMINATION OF THE POLYMERIC PRODUCTS 
NaTurRAL RUBBER 
VISCOSITY 


The increase in viscosity, which occurs when rubber solutions are “electrified”, 
and which may lead to actual gel formation, is evidently the result of polymeriza- 
tion, the progress of which can be followed by determinations of the internal 
friction. 

An Ostwald viscometer was used for measuring the viscosity. With 3 per cent 
solutions the diameter of the capillary was 1 mm.; with 6 per cent solutions 
it was 15 mm. The length was 8 cm.; the capacity 2 cc. The measurements 
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were carried out at 20° C in a thermostat. Since efforts were made only to ob- 
tain relative values, the measurements were confined to the times of flow in 
seconds. 

As Table I and Figures 3 and 4 show, the increase in viscosity was at first 
slow, then became progressively more rapid. The data refer to solutions con- 
taining 3 and 6 per cent of crepe rubber in benzene, which were exposed to 
electric discharges, with ice-water circulating through the cooling jacket of the 
reaction tube. 
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TABLE I 


INCREASE IN INTERNAL FRICTION BY POLYMERIZATION OF NATURAL RUBBER IN SOLUTION 


Time of flow (in seconds) 
= 





Time of exposure . 8% solution 6% solution : 
(diam. 1 mm.) (diam. 1.5 mm.) 


10.0 
10.8 
11.9 
13.2 


Since in these experiments a certain amount of benzene always volatilized 
into the vacuum of the discharge tube, a mark was placed on the apparatus, 
and the volatilized benzene was replenished hourly up to this mark. 


IODINE NUMBER 


The iodine number, which is the number of grams of iodine taken up by 100 
grams of substance (rubber), does not give any direct indication of the degree 
of polymerization. But in the experiments described in the present work, the 
higher the degree of polymerization the lower was the iodine number, and there- 
fore this value served as a direct measure of the degree of polymerization. 

The method used for determining the iodine number was that of Kemp’’. 
In principle this is a modification and application to rubber of the Wijs method 
of determining the iodine number as used in oil and fat analysis. The iodine 





840 RUBBER CHEMISTRY AND TECHNOLOGY 


number of the untreated rubber, after purification by repeated solution in ben- 
zene and precipitation with acetone, was 362.0, compared to a theoretical value of 
372.8. On the contrary the iodine number of the polymerized rubber obtained 
by treatment with electric discharges varied from 250 to 70 (for detailed data, 
see Table II). ; 


SOFTENING TEMPERATURE 


Parallel with the increase in viscosity and “molecular weight”, and decrease 
in iodine number of the polymerized rubber, there was an increase in the soften- 
ing temperature. 

This softening temperature was determined in the following way. 

A weight of 0.1 gram of rubber sample was placed in the lower part of a 
two-part cylindrical aluminum block oven (approximately 8 cm. high and 6 cm. 
diameter), the cover of which was equipped with two glass peepholes through 
which the sample could be observed. A thermometer was inserted through a hole 
in the cover. The oven was heated by a small flame. As soon as the surface of 
the sample commenced to “perspire”, the temperature was recorded. It was es- 
sential that the heating be carried out at a uniform slow rate, according to an 
established standard. When the time of heating was reduced to about one-half, 
the softening temperature increased 4-5° C. The softening temperature of the 
“non-electrified” rubber was 142° C; that of the treated rubber varied from 
152° to 200° C, depending on the degree of polymerization. 


HEAT OF COMBUSTION 


Not only the iodine number but also the heat of combustion may serve as a 
criterion of the degree of polymerization. It has already been shown by Geiger?® — 


that the heat of combustion of the polycyclorubber which he prepared was 10548 
calories per gram, and that of the untreated natural rubber 10700 calories per 
gram, i. e., about 1 per cent lower?’. 

In accord with this, the soluble and insoluble polymers obtained in the present 
work showed decreases in the heats of combustion of 2.5 to even 20 per cent. 

The heats of combustion were measured in a Roth microbomb'*. Natural 
rubber, in the form of crepe reprecipitated once by acetone, which was used 
as the starting material in the polymerization experiments, gave a heat tone of 
10.71 x 10° calories. Further data are given in Tables II and III. 


ELEMENTARY ANALYSIS 


That the modified rubber samples obtained by the action of silent electric dis- 
charges were actually polymerized products was proved by elementary analyses 
carried out in the combustion apparatus of Reihlen-Weinbrenner. The products 
obtained by “electrification” of rubber had the same composition as the starting 
material, i. e., the composition (C;H,), of polyprene, i. e., 88.15% carbon 
and 11.85% hydrogen. 


SUMMARY OF THE INDIVIDUAL RESULTS OF ALL THE EXPERIMENTAL 
METHODS AND A COMPARISON OF THESE RESULTS 


NaTurat RUBBER 


Table II summarizes the individual measurements of the iodine numbers, soft- 
ening temperatures and heats of combustion. These data show that polymeriza- 
tion takes place even in a 3 per cent solution under the influence of alternating 
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discharges, that it becomes appreciable under the same conditions in one-half 
the time in a 6 per cent solution, and that’ a highly polymerized, insoluble rubber 
product with properties wholly different from those of the original rubber is 
formed in a 9 per cent solution after only 1 hour of exposure.to the electric 
discharges. 


Tas.e II 


PROPERTIES OF POLYMERS FROM NATURAL RUBBER 


Concentration 
of benzene Time of Softening Heat of 
solution exposure Soluble or Iodine temperature combustion 
(percentage) (hours) insoluble number (° O) (calories per gram) 


Solid Soluble 362.0 142 10,710 < 10° 
Soluble 256.0 146 10,510 X 10° 
Soluble 223.0 153 10,390 X 10° 
Soluble 223.4 153 10,395 X 10° 
Insoluble 70.0 200 8,690 10° 


TABLE III 


PROPERTIES OF POLYMERS FROM BuNA-85 


Concentration 
of benzene Time of Softening Heat of 
solution exposure Soluble or Iodine temperature combustion 
(percentage) (hours) insoluble number (°C) (calories per gram) 


Solid Soluble 316.2 150 10,615 < 10° 
Soluble 226.0 164 10,520 < 10° 
Soluble 220.0 164 10,450 < 10° 
Soluble 230.0 164 10,440 < 10° 
Insoluble 160.1 210 8,200 < 10° 


ELEMENTARY SEMIMICROANALYSIS 
Untreated natural rubber (crepe reprecipitated once by acetone) 


1.2826 g. H.O 5.8597 g. CO, 7.0585 g. 
1.2609 g. 5.8370 g. 6.9886 g. 


—_———— 


0.0217 g. 0.0227 g. H.0 0.0700 g. COs 
Hence C = 88.05% H = 11.70% 


Polymers (the data are representative of numerous experiments) 


2.2813 g. H.O 5.8816 g. COs 7.1253 g. 
1.2606 g. 5.8597 g. 7.0586 g. 


0.0207 g. 0.0219 g. HO 0.0677 g. CO, 
Hence C = 87.98% H= 11.80% 


The insoluble polymer which separated on the glass tube of the reaction vessel 
contained electrically atomized glass. 


The determinations were made on samples which, in cases where they had not 
been converted into insoluble precipitates, had first been precipitated by acetone 
and dried in a vacuum (1 mm. of mercury) at 50° C. In the 6 per cent solu- 
tion a tough gel formed on the inside electrode after 3 hours; in the 9 per cent 
solution it formed after 1 hour. In most cases the experiments, the primary 
object of which was to obtain the residual soluble polymer, were stopped at this 
point. By continuing beyond this point, it was possible to obtain larger quan- 
tities of the subsequently formed insoluble component by extracting the gel with 
a large proportion of benzene to remove the lower polymers and to separate 
the gel as fine flocculates. 
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The insoluble part was separated from the solution by a high-speed centrifuge 
(the ultracentrifuge of Fa. Padberg, Diisseldorf, n=36,000 per minute), was then 
washed with petroleum ether for 10 hours and finally was dried in a vacuum. The 
soluble polymer was precipitated from the mother benzene solution by the 
method already described. This soluble polymer had almost the same properties 
as those of the polymer formed in the 6 per cent solution. 


BUNA-85 
PARALLEL EXPERIMENTS WITH THOSE WITH NATURAL RUBBER 


In the experiments with synthetic rubber, which were similar in every way 
to those with natural rubber, Buna-85 was available as the starting material. 
It was first extracted with acetone in a Soxhlet apparatus to remove substances 
which had been added to protect it from deterioration. 

It is not necessary to describe in detail the procedure, methods of separation 
and determinations, for they were carried out in exactly the same way as with 


TaBLe IV 


INCREASE IN INTERNAL FRICTION DurinG THE POLYMERIZA- 
TION OF Buna-85 IN SOLUTION 


Time of exposure Time of flow 
(hours) (seconds ; d = 1 mm.) 
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natural rubber. It is sufficient to give the results in summarized form as shown 
in Table III. 

Table IV and Figure 5 show the increase in viscosity of a 3 per cent benzene 
solution of Buna-85 as a function of the time of exposure to electric discharges. 

A small sample of the low polymer Buna-32 also was available for experi- 
mentation, and a 9 per cent solution of this was studied by the same method to 
determine the increase in internal friction brought about by electric treatment. 
The results are shown in Figure 6. 

In judging the value of the iodine number, it should be noted that even the 
original rubber had a lower iodine number, viz., 316.2, than the value of 468.0 
to be expected theoretically if, in the original polymerization, the butadiene 
underwent no cyclization or conversion into a network structure. 

By washing with petroleum ether a considerable quantity of the insoluble gel 
which was separated by centrifuging, a large enough quantity of the soluble 
component still occluded in the gel was extracted by the petroleum ether for 
further investigation. It was found that this portion which was retained so 
tenaciously by the gel had properties which placed it between the soluble and 
wholly insoluble polymers, e. g., its iodine number was 193, and its heat of 
combustion was 10.19 x 10* calories per gram. 

That also in the case of Buna-85, “electrification” leads to the formation of 
polymers was proved by elementary analysis, which showed that the product 
had the same composition as that of the original material, viz., (C,H,),. 
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Theoretical percentages of carbon and hydrogen for (C,H,),: 


C= 88.1 B= 11.19 
Actual weights: 
1.2846 g. H.0 1.4484 g. CO, 8.8091 g. 
1.2591 g. 1.4232 g. 8.7262 g. 
0.0255 g. 0.0252 g. H.O 0.0829 g. CO. 


Hence C=88.65% and H=11.01% 
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solution of Buna 85 (d = 1 mm.). solution of Buna-32. 


INFLUENCE OF THE SOLVENT AND OF THE TEMPERATURE ON THE COURSE OF THE 
PoLYMERIZATION 


With Buna-85 the influence of the solvent and the temperature on the course 
of ¢the reaction and on the properties of the resulting polymers was studied. 
To assure comparable experimental conditions by preventing to the greatest 
possible extent volatilization of the solvent, the apparatus was kept cold with ice- 
water during the experiments. The separation of gels in decalin, benzene and 
toluene solutions was approximately the same after the same lengths of time. 

The phenomena were of the same general character, whether the experiments 
were carried out at —25° C, 5° C or 50° C. Toluene was the solvent for 
—50° C, benzene for 5° C and decalin for 50° C, and in all cases 9 per cent 
solutions of Buna were employed. 

Table V gives some representative experimental data which were obtained 
with a 9 per cent solution of Buna after electric treatment for 1 hour. 

In all cases the changes which take place during these treatments depend 
fundamentally on activation of the molecules by electrical bombardment, and are 
independent of the temperature, which has an influence on the rate of the re- 
action only in the case of spontaneous activation. 
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TABLE V 


Evectric PoLYMERIZATION OF BuNA-85 AT VARIOUS TEMPERATURES 
Softening Iodine 
Type of polymer Solvent and Temperature temperature number 
Polymerized in benzene at 5° C 152° 
Polymerized in toluene at — 25° C y 152° 
Polymerized in benzene at 5° C ; 195° 
Polymerized in toluene at — 25° C Ff 193° 


REPEATED ELECTRIC TREATMENT OF RUBBER IN SOLUTION 
NATuRAL RUBBER 


It has been shown that, when a 9 per cent solution of natural rubber in ben- 
zene is “electrified”, a gel is formed and that by centrifuging this product a 
soluble polymer and an insoluble polymer can be isolated. As is evident in 
Table II, the degree of polymerization of the soluble component is considerably 
different from that of the insoluble component. This is particularly evident 
by the iodine numbers and by the softening temperatures, and above all by 
the heats of combustion. The question then arose whether it would be possible, 
by renewed exposure to electric discharges, to increase the degree of polymeriza- 
tion of the soluble polymer after it had been separated from a considerable 
quantity of admixed insoluble polymer. 

To settle this question, the gel was separated in the usual way by centrifuging. 
The remaining solution was concentrated to its original strength of 9 per cent 
by evaporation at 30° C of the large volume of benzene which had been added 
before centrifuging. It was then exposed for 1 hour to electric discharges. At 
the end of this time the newly formed gel was removed, was agitated with an 
excess of benzene and was then centrifuged. The residual solution was concen- 
trated as before by distillation of the solvent at 30° C to the original concen- 
tration of 9 per cent, and was then exposed a third time for 1 hour to electric 
discharges. 

After the benzene had been distilled off, the iodine numbers and the soften- 
ing temperatures of the soluble polymer and of the insoluble polymer from the 
second and third exposures were determined. 

It can be seen from Table 6 that twice-repeated exposure to electric discharges 
did not increase the degree of polymerization. Thus, the iodine number of the 
soluble product remained practically as little changed as did that of the ,in- 
soluble product. Evidently electric discharges increase the size of the original 
molecules, and when the latter reach a certain degree of polymerization they 
separate as an insoluble polymer. Repeated electric treatments do not therefore 
increase the molecular size appreciably above this point, but merely force the 
soluble polymers over the threshold of flocculation, beyond which point they 
are hardly in a condition to undergo any further essential change. 


SynTHETIC RuspBer (Buna-85) 


Nine per cent solutions of Buna-85 also were exposed in exactly the same way 
to repeated electric discharges; the insoluble deposit was separate each time, 
and the product remaining in solution was concentrated to its original strength. 
The experimental results were similar to those with natural rubber. recorded in 
Table VI, and are summarized in Table VII. Like the previous tests, they show 
that in all cases polymerization in solution progressed only to a certain well 
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defined stage, beyond which point an increase in network formation of the 
molecules caused them to separate as a gel from the solution. 


TasLe VI 


Repeated Evectric TREATMENTS OF NATURAL RUBBER 


Softening Iodine 
temperature number 
Natural rubber (untreated) 362.0 
Soluble polymer: 
From 1st treatment 248.0 
From 2nd treatment 238.0 
From 3rd treatment 246.2 
Insoluble polymer: 
From list treatment 71.0 
From 2nd treatment 71.0 
Due Oe BN oe. 5 i eC Palak oh wa 197° C 70.6 


TasB_e VII 


Repeated Evectric TREATMENTS OF Buna-85 


Softening Iodine 
temperature number 


Buna-85 (untreated) 316.2 
Soluble polymer: 
From Ist treatment C 230.0 
From 2nd treatment 233.0 
NI SU IS ee a eS glip we wlalp eee ous 165° C 233.0 


Insoluble polymer: 
From list treatment 168.0 
From 2nd treatment 170.5 
From 3rd treatment 165.5 


ATTEMPTS TO PREPARE MIXED POLYMERS OF NATURAL RUBBER AND OF 
BUNA-85 WITH NON-RUBBER SUBSTANCES 


It seemed that it might be of importance to determine whether substances 
such as acrylic nitrile, H,C:CHCN, combine with natural rubber under the in- 
fluence of silent electric discharges, and as a consequence whether socalled mixed 
polymers might be prepared in this way. 

A 10 per cent solution of acrylic nitrile in benzene was first studied in solution 
by itself. On exposure to electric discharges for 1 hour, there was a noticeable 
increase in viscosity, in spite of the fact that a part of the nitrile volatilized. 
The time of flow of the solution increased from 2.6 to 3.1 seconds. 

A 6 per cent solution of purified natural rubber in benzene, containing also 
1.2 per cent of acrylic nitrile (20 per cent by weight of the rubber), was exposed 
to electric discharges for 3 hours; the rubber was then precipitated by acetone, 
was extracted with acetone for 24 hours, and was dried in a vacuum (1 mm. of 
mercury) at 50° C. A determination of the nitrogen content by the Dumas 
method indicated no additional nitrogen in the product. Accordingly, under the 
particular conditions of the experiment, no acrylic nitrile combined with rubber. 
Nor did any acrylic nitrile combine Buna-85 under the same conditions. 

To settle this problem satisfactorily, a considerable change, not contemplated 
at first, would obviously have had to be made in the experimental procedure. 
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TECHNOLOGICAL ASPECTS 


As was pointed out in the introductory remarks, it seemed worthwhile to 
ascertain the technically important properties of the new polymeric types of 
rubber. Unfortunately however, only small quantities of the polymers were ayail- 
able for such work, so that a really systematic series of experiments to deter- 
mine the most suitable vulcanizing agents and fillers and their best proportions 
could not be carried out. Starting with a few ordinary natural rubber mixtures 
of the tire-tread type, the work was limited to preparing and making compara- 
tive tests with very small quantities of the polymers. Under such conditions 
the most suitable choice or proportions of vulcanizing agents and other ingredients 
was of course not possible in every case. Nevertheless, the experiments give an 
indication of the technically important properties of the new types of rubber 
prepared from natural rubber and from Buna-85, and they prove that, at least 
from the technical point of view, the properties of natural rubber and of 
Buna-85 can be improved by exposure to electric discharges'®. 

Rubber and Buna-85 mixtures were vulcanized in the form of sheets 3 mm. 
thick for 30, 60 and 90 minutes at 3 atmospheres’ pressure, and from these, 
small normal test-specimens were cut out for obtaining stress-strain curves. 
Vulecanizates of the tire-tread type prepared from natural rubber and from 
polymers of natural rubber gave curves which were very similar to one another. 
When decalin was used as solvent, a part of it remained, probably in the form 
of a polymer, in the dried polymerized rubber. By increasing the percentage of 
sulfur, tensile. strengths and elongations higher than the corresponding values 
for natural rubber vulcanizates were obtained, regardless whether these con- 
tained relatively high or low percentages of sulfur. In mixtures which contained, 
besides 10 per cent of zinc oxide, only the necessary vulcanizing agents, the. 
polymers of Buna-85 showed properties superior to those of untreated Buna-85, 
e. g., twice the tensile strength and almost 3 times the elongation at rupture. 
As was to be expected, the tensile strength was increased also by the addition 
of carbon black (to mixtures containing 2 per cent of sulfur by weight of the 
rubber). Here too, the quality of the vulcanizate containing polymerized Buna- 
85 was better than that containing untreated Buna-85. The actual measurements 
were as follows: 


Elongation at 
Tensile strength rupture 
Product (kg. per sq. cm.) (percentage) 


400 
Polymerized Buna-85 390 
Natural rubber (crepe) 400 


The polymer prepared from Buna-85 therefore approached more nearly to 
natural rubber in mechanical properties. 

By increasing the sulfur to 3.4 per cent (by weight of the rubber), the fol- 
lowing values were obtained. 


Elongation at 
Tensile strength rupture 
(kg. per sq. cm.) (percentage) 
Buna-85 © 380 
Polymerized Buna-85 420 
Natural rubber (crepe) 300 


A comparison on a technically sound basis would be possible only if a series 
of experiments were to be carried out with each type of rubber to determine the 
most favorable conditions, including the best choice and proportions of compound- 
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ing ingredients, the best time and temperature of vulcanization, etc. But to do 
this would have required the preparation of much larger quantities of the new 
types of rubber than were avaidable in'the experiments actually carried out in the 
present work. Nevertheless the experiments do give an indication of the way in 
which polymerization by electric discharges changes the properties of natural 
rubber and those of Buna-85 after vulcanization, and it does not seem un- 
reasonable to hope for more important results through improvements in the 
method of polymerization and compounding of the polymers, and through a 
more thorough study of the technical aspects of the subject in general. 


SUMMARY 


The object of the investigation was to synthesize higher molecular compounds 
from natural rubber and from synthetic rubber by means of a process involving 
exposure to silent electric discharges. With both natural rubber and synthetic 
rubber, it was found possible to bring about polymerization by this method and to 
obtain polymers of various molecular sizes, which could be separated into two 
principal types: (1) polymers which remained soluble in benzene, and (2) poly- 
mers with a highly developed network structure, which were insoluble in benzene 
and therefore could be separated from the soluble polymers. 

After purification and drying, the insoluble polymers were obtained as in- 
elastic, nonplastic products, in the form of soft, crumbly flakes. On the contrary, 
the soluble polymers retained the plasticity and elasticity of the original rubber, 
and behaved like raw rubber in the technical sense as well. This latter fact was 
proved by preparing a few mixtures and vulcanizates from these polymers, and 
it is noteworthy that a vulcanizate prepared from polymerized Buna-85 more 
nearly resembled a corresponding vulcanizate from untreated natural rubber 
than it did a vulcanizate prepared from the original, untreated Buna-85. Of 
course more extensive development work would be necessary to obtain polymers 
with particularly desirable properties from a technical point of view, and to find 
out how to compound these new polymers, e. g., what types and percentages of 
fillers, accelerators, and percentages of sulfur to use. Only in this way can the 
technical importance of these products be judged, and can any uses to which they 
may be applied to advantage be determined. But whatever may be their im- 
portance, the increased molecular sizes of these polymers of natural rubber and 
of Buna-85 are accompanied by marked increases in softening temperature with- 
out sacrifice of their technically important advantages of plasticity, tackiness 
and solubility. To this extent a not unimportant goal from the technical point of 
view may be regarded as having already been attained. 

From the theoretical point of view, the formation of high molecular forms 
of rubber has been shown to be a polymerization process brought about by forced 
activation of the molecules. The course of the phenomenon is therefore governed 
by the electrical conditions, and is not greatly influenced by changes in tempera- 
ture between —25° and 50° C. Elementary analyses of the polymers showed 
in all cases the elementary formula of isoprene for the polymers of natural 
rubber, and of butadiene for the polymers of Buna-85. 

From the chemical and physico-chemical points of view, the polymeric forms 
of rubber have characteristic degrees of unsaturation and consequently charac- 
teristic iodine numbers, both of which decrease with increase in the molecular 
size. Furthermore thermochemical measurements, comprising determinations of 
the heats of combustion in a microcalorimeter, showed that the polymerization 
reactions are exothermic, and that the heats of combustion of the resulting 
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polymers become smaller as the degree of polymerization increases. It was 
found possible, by measurements of the internal friction, to follow the progress 
of polymerization to the point where a gel separates. 
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Destructive hydrogenation under pressure in the presence of nickel oxide and 
molybdenum oxide has been used to show the presence of naphthenic hydro- 
carbons in high-boiling olefin polymer?. It was of interest to apply this tool to 
other hydrocarbons having large molecules, especially rubber and synthetic rub- 
ber like polymers. 

The destructive hydrogenation of isobutene polymer yielded only paraf- 
finic hydrocarbons, including isobutane in the gases. Butadiene polymer, on the 
other hand, gave only naphthenic products, chiefly ethylcyclohexane and a di- 
cyclic hydrocarbon. Similarly, natural rubber yielded only naphthenes, with 
p-methylisopropylcyclohexane as the major component of the lower boiling por- 
tion of the product. Isoprene, under the conditions used for the destructive hy- 
drogenation of the rubber, yielded isopentane and an unsaturated naphthene, 
i. e., & hydropolymer of isoprene, which was converted into p-methylisopropyl- 
cyclohexane by further hydrogenation. 

Discussion of the relation of these results to the structures of the polymeric 
substances hydrogenated is reserved for a future publication of further work 
now in progress undertaken to aid in the proper interpretation of the above 
indicated experiments. 


APPARATUS AND PROCEDURE 


The destructive hydrogenations were carried out in electrically heated, rotating 
autoclaves (450- and 3515-cc. capacity) of the Ipatieff type, made of stainless 
steel (17-19 per cent chromium and 7.0-9.5 per cent nickel). Equal weights of 
the rubberlike polymer or rubber (cut into small pieces) and solvent, and black 
nickel oxide (Baker’s), equivalent to 10 per cent of the weight of the polymer, 
were placed in the autoclave in the order named. The autoclave was closed, the 
air was swept from it by hydrogen, and it was charged with hydrogen to an 
initial pressure of 100 kg. per sq. cm. at 25° C, and then heated at 250° for 
4 to 12 hours (an additional 1.5 to 2.0 hours usually being required to reach the 
desired operating temperature). After the heating, the autoclave was permitted 
to cool, the gases were released through a trap cooled by solid carbon dioxide 
and acetone, and the noncondensable gases were collected in a gas holder over 
salt water. The head was then removed from the autoclave, and the liquid 
product and solvent were taken from the bomb by means of a pipet and filtered 
to remove the catalyst. The solvent was removed and the product was separated 
by fractional distillation. 


* Reprinted from Industrial and Engineering Chemistry, Vol. 32, No. 6, pages 762-764, June 1940. 
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DESTRUCTIVE HYDROGENATION OF ISOBUTENE POLYMER IN PRESENCE 
OF BLACK NICKEL OXIDE 


The white rubberlike polymer which was hydrogenated destructively in this 
work was obtained by polymerizing isobutene in liquid propane solution in: the 
presence of aluminum chloride and hydrogen chloride. For example, 10 grams 
of resublimed anhydrous aluminum chloride were covered by liquid propane in 
a 500-cc. three-neck flask fitted with a motor-driven stirrer and surrounded by a 
bath of solid carbon dioxide and acetone at —78° C. Temperatures within the 
flask were measured by a thermocouple inserted in a glass well, which extended 
almost to the bottom of the flask. Then 230 cc. of a solution of 21.5 mole-per 
cent of isobutene in propane and 1.5 grams of gaseous hydrogen chloride were 
added gradually during a period of 1.5 hours to the stirred mixture of aluminum 
chloride and propane, maintained at approximately —75° C. After all the iso- 
butene-propane solution was added, the total propane solution, later found to 
contain: 8.5 mole-per cent isobutene and 3.2 grams of heavy oil, was decanted 
from a gummy product and from admixed aluminum chloride, which had become 
slightly yellow during use. Then ice-water and cold ammonium hydroxide solu- 
tion, added carefully to the aluminum chloride residue and gummy product, de- 
composed the aluminum chloride and left 12.6 grams of white rubberlike polymer 
material of the nature of that formed in larger scale polymerizations and used 
as starting material in the present destructive hydrogenation tests. 

This white rubberlike polymer was cut into small pieces and hydrogenated 
by the above procedure, using 100 cc. of n-pentane as solvent with 50 grams of 
the rubberlike polymer. Gases condensable at —78° C, totaling 44 per cent by 
weight of the polymer charged and the noncondensable gases (2.5 weight per 
cent), had the following analyses: 


Condensable gas (mole-%) Noncondensable gas (mole-%) 
Propene F Olefins (total by Br) 
Propane 
Isobutene 
n-Butene 
Isobutane 


After removal of the solvent, the liquid products were distilled by the high- 
temperature Podbielniak method‘, and separated into fractions with the proper- 
ties shown in Table I. The analyses and properties indicate that fraction 1 con- 
sists of octanes, fraction 4 of dodecanes, fractions 5 and 6 of hexadecanes, and 
the bottoms of hydrocarbons with an approximate formula C,,H,, (molecular 
weight 618). According to these analyses and properties, these products are 
entirely paraffinic. 


DESTRUCTIVE HYDROGENATION OF BUTADIENE THERMAL RUBBER 


Rubberlike polymers formed by heating butadiene at 150° C under 40 
atmospheres’ initial pressure and freed by vacuum distillation from oils boiling 
below 300° C were subjected to destructive hydrogenation. A test at 100° C 
caused no decomposition, but during 6 hours at 250° C part of the rubbery 
polymers was converted into liquid products which were stable to nitrating mix- 
ture. The residue of undecomposed polymers was more stable than the original 
polymer, as 11.0 grams of this residue yielded only 1 cc. of liquid products 
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after further destructive hydrogenation for 8 hours at 240-250° C under 100 kg. 
per sq. cm. hydrogen pressure in the presence of 1 gram of black nickel oxide. 
Distillation of the total liquid products obtained at 250° C gave the fractions 
with properties indicated in Table II. 

Fractions 2 and 3, which had the physical properties of ethylcyclohexane, were 
combined and dehydrogenated over platinized alumina at 250° C. The 38 ce. of 


Autoclave assembly used in destructive hydrogenation (furnace top 
removed to show autoclave). 


Tas_e II 
DeEsTRUCTIVELY HYDROGENATED BUTADIENE PoLYMER 


Fraction Boiling range at Dist. vol.-% per 
750 mm. (°C) fraction 


9.6 
23.7 
25.7 

9.6 
11.4 

7.1 
11.9 


«Per cent analysis: found, C 86.20, H 18.81; calculated for CygHgo, C 86.40, H 13.60. 


composite with n°? of 1.4350 yielded 3.7 cc. of dehydrogenation product, with n*? 
of 1.4403, and 735 ec. of gas analyzing 97 per cent hydrogen. The dehydrogenated 
liquid was converted into a diacetamino derivative®, melting at 224-225° C; and 
corresponding to that of ethylbenzene formed from ethyleyclohexane, a product 
of the destructive hydrogenation of the rubbery butadiene polymer. 

Fraction 6 was saturated, as shown by its stability to both potassium per- 
manganate solution and to nitrating mixture. Its analysis corresponded to that 
of a naphthenic hydrocarbon with two rings. These icsuits show the products 
from the destructive hydrogenation of butadiene rubber to be naphthenic hydro- 
carbons with one or two rings. 





HYDROGENATION OF POLYMERS 


DESTRUCTIVE HYDROGENATION OF RUBBER IN PRESENCE OF 
BLACK NICKEL OXIDE 


Both smoked sheet and pale crepe rubber yielded similar unsaturated destruc- 
tive hydrogenation products containing 40 to 50 per cent of liquids boiling below 
300° C. The remainder consisted of higher boiling liquid or viscous products. 
After removal of the cyclohexane solvent, the product obtained from pale crepe 
rubber was separated by high-temperature Podbielniak distillation into fractions 
with the properties shown in Table III. No isopentane was detected in the sol- 
vent removed from any of these destructive hydrogenation products of rubber. 

Destructive hydrogenation products of both pale crepe and smoked sheet 
rubber were hydrogenated to completion at low temperatures (up to 150° C) 
in the presence of a nickelkieselguhr catalyst, with the results listed in Table IV. 
These data show that only naphthenic and polycyclic hydrocarbons were formed 
by the destructive hydrogenation of rubber. 

The completely hydrogenated fraction with 167-170° C boiling range, obtained 
from the destructive hydrogenation products of both smoked sheet and pale 
crepe rubber, had a density, refractive index, molecular weight, and carbon and 
hydrogen content in complete agreement with the best values reported in the 
literature for these properties of p-methylisopropyleyclohexane (p-menthane). 

Further proof of the presence of p-methylisopropylcyclohexane in the products 
from both smoked sheet and pale crepe rubber was obtained by dehydrogenating 
the 167-190° C fractions at 250° C over platinum supported by activated 
alumina. The gases obtained consisted of 96 per cent hydrogen. After dehydro- 
genation, the liquid products were brominated at room temperature in the pres- 
ence of aluminum powder and iodine, and yielded white needles which, after 
recrystallization from benzene, had a melting point of 276-278° C. These 
crystals were the same as those obtained similarly from p-cymene or from the 
dehydrogenation product formed from completely hydrogenated dipentene; the 
latter had a boiling point of 169-170° C, and n?? of 1.4402. These crystals were 
pentabromotoluene, formed by cleavage of an isopropyl group from p-cymene 
during the bromination. Analysis of this bromide was as follows: Calculated for 
CH,C,Br,;: Br, 82.0; molecular weight, 487.- Calculated for CH,C,Br, (iso- 
C,H,): Br, 71.2; molecular weight, 450. Found: Br, 80.58, 81.15; molecular 
weight, 505. 

Further evidence of p-cymene in these dehydrogenation products was the 
p-toluic acid (melting point 177-179° C) formed by oxidation with dilute nitric 
acid (1.0 ec. hydrocarbon refluxed for 12 hours with 15 cc. of concentrated 
nitric acid in 25 cc. of water). Accordingly it is concluded that the completely 
hydrogenated 167-190° C fraction obtained from rubber contained p-methyl- 
isopropylcyclohexane. 


HYDROGENATION OF ISOPRENE 


Isoprene in cyclohexane under 100 atmospheres of hydrogen pressure at 250° C, 
in the presence of 10 per cent by weight of black nickel oxide, yielded 32 per 
cent by weight of isopentane and 68 per cent of hydropolymerized isoprene boil- 
ing from 155° to 190° C, as indicated in Table V. 

Redistillation of fraction 1 by the low-temperature Podbielniak method® 
showed it to contain 7.6 per cent of butanes and 92.4 per cent of isopentane. 
The liquid products boiling from 155° to 190° C were unsaturated, and consisted 
of incompletely hydrogenated isoprene dimers, which were converted into methane 
by further hydrogenation. 
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HYDROGENATION OF POLYMERS 


TABLE V 


Propucts FROM HypROGENATION OF ISOPRENE IN CYCLOHEXANE SOLUTION 


Dist. % by wt. 
Fraction Boiling point of total product 20 
(°C) and solvent nD 


29-31 16.5 — 


1.4447 

! 1.4500 

175-190 i 1.4529 

gO REN acres is PopSet ea nae — 5 1.4739 


#d°*?, 0.8099; mol. wt., 143. Per cent analysis: found, C 86.51, H 13.55; calculated for CoH, 
C 86.8, H 13.2. 
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SYNTHETIC RUBBER FROM ACETYLENE 


III. THE PREPARATION OF BUTADIENE BY CATALYTIC 
HYDROGENATION OF MONOVINYLACETYLENE 
IN THE GASEOUS PHASE * 


Zyunz! HuruKawa and Kouer1 NAKAGUTI 


INSTITUTE OF TECHNICAL CHEMISTRY OF THE Roya UNIVERSITY OF TOKYO, JAPAN 


Of the various technical methods for the preparation of butadiene from mono- 
vinylacetylene, the present authors chose to make first of all a thorough inves- 
tigation of the continuous hydrogenation process, utilizing gaseous monoviny]l- 
acetylene with various catalysts. As a result of this work the following con- 
clusions were reached. 

The chief fault of this continuous hydrogenation process lies in the fact that, 
in addition to butadiene, large quantities of butene and oily polymerization 
products of monovinylacetylene are formed, as a result of which the yield of 
butadiene is small. This disadvantageous course of the reaction is attributable 


Tas_e I 


INFLUENCE OF THE TEMPERATURE OF REACTION 


(Catalyst = palladium-diatomaceous earth 1:1028; 2 grams; velocity of 
current = 110 cc. per min.) 
Reaction products 


(Molecular-percentage yield 
dased on monovinylacetylene) 
aA. 





Reaction Unconsumed akeatad 

temperature monovinyl- zation 
dh acetylene Butadiene Butene products 

8.5 a 49 

22.4 17.1 313 

29.2 21.4 29.7 

27.2 248 24.9 

246 24.8 33.8 

30.1 26.1 32.0 


to the great heat of reaction which is evolved locally on the surface of the 
catalyst. In the experiments carried out by the present authors, the chief efforts 
were directed toward overcoming this drawback. 

As may be seen in Table II, a series of experiments were carried out with 
palladium as catalyst, which was used with excess carrier having a low heat con- 
ductivity, e. g., diatomaceous earth and Japanese acidic earth. This catalyst 
was expected to have a weakening effect on the activity, for this effect is very 
pronounced in the hydrogenation of acetylene to ethylene. In the present case, 
however, the results were unsatisfactory; dilution of the reaction gas with water 
vapor, a change in the gas current, and a change in the proportion of hydrogen to 
monovinylacetylene, were all tried. The maximum yield of butadiene at 80° C 
was 33.7 per cent, based on the monovinylacetylene.: 

Nickel, cobalt and iron, to which diatomaceous earth had been added, were 
less effective than palladium. Raney nickel was too active, and led to carboniza- 
tion of the monovinylacetylene. 


* Translated for Rusper OHEMISTRY AND TECHNOLOGY from the Journal of the Society of Chemical 
Industry, Japan, Vol. 43, No. 5, Supplemental binding, pages 142-144B, May 1940. 
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Experiments with a few palladium catalysts, which, to remove the great quan- 
tity of heat of reaction evolved, were prepared on metal powders or metal 


Tas_e II 


INFLUENCE OF THE QUANTITY OF CARRIER 


(Reaction temperature 80° C) 
Catalyst 
(Palladium- Unconsumed , Oily 
diatomaceous monovinyl- polymerization 
earth) acetylene Butadiene Butene products 


25.4 24.2 28.8 
27.0 22.6 29.0 
27.2 28.0 318 
25.8 28.7 22.0 
30.6 28.7 23.1 
24.5 28.7 31.2 
27.1 28.7 26.7 
30.1 213 208 


es se eS 


Tas_e IIT 
EXPERIMENTS WITH Various GAsEouS MIXTURES 


(Catalyst = palladium-diatomaceous earth 1:1028; 2 grams; velocity of current 
110 cc. per min.) 


Reaction products 
(Molecular percentage yield (based on 
monovinylacetylene) ) 





7 rf Oil , 
Reaction Unconsumed golymani- 
temperature monoviny]- zation 
(°C) acetylene Butadiene Butene products 
2.44 3.2 69.7 24.7 
6.1 18.4 60.4 15.1 
16.6 30.6 28.7 23.1 


58.4 15.4 9.06 17.1 
With water vapor saturated 


at 43°C 8 8.6 | ie 30.4 27.3 
With water.vapor saturated 


OE? Sat ctdicaways taents 8 173 25.3 34.9 22.5 


Ratio 
monovinylacetylene 


hydrogen 





Tas_e IV 
INFLUENCE OF THE VELOCITY OF CURRENT 
(Catalyst = palladium-diatomaceous earth 1:1028) 


Reaction products 
(Molecular percentage yield, based on 
monovinylacetylene ) 

A 





ot ‘\ 
Velocity Weight Reaction Oily 
of current of tempera- Unconsumed polymeri- 
(ce. per catalyst ture monovinyl- zation 
min.) (g.) (°C) acetylene Butadiene Butene products 


56 80 21.7 28.0 26.0 24.3 
110 80 20.3 28.2 25.1 25.9 
185 80 25.6 25.3 25.7 228 
200 82 26.8 24.2 24.7 24.3 
510 80 33.3 22.6 22.7 18.2 


turnings (cf. Karo, German patent 253,160 (1912)), showed that this method 
is particularly advantageous. With palladium catalyst on magnesium turnings 
and excess hydrogen, the yield of butadiene was 32 per cent, i. e., 49 per cent of 
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the monovinylacetylene consumed. In this case the quantity of butene was 
one-half that of the butadiene. 

Palladium-iron-diatomaceous earth was the best among the mixed catalysts 
tested. Yet even in this case a large quantity of oily byproducts was formed, 
as was the case with palladium-nickel-diatomaceous earth. 


TABLE V 
EXPERIMENTS WITH NICKEL, CoBALT AND IRON CATALYSTS 


(Velocity of current 110 cc. per min.) 


Reaction products 
(Molecular percentage, based on monovinylacetylene) 
A. 

ct ‘ 

Oily 
Reaction Unconsumed polymeri- 

temperature monovinyl- zation 
(°C) acetylene Butadiene Butene products 





Catalyst 
Nickel-diatomaceous 
earth (1:50) 1 g.... 34.0 3.2 12.0 39.5 
(11.3 butane) 


Raney nickel 6 g carbonized 
Cobalt-diatomaceous 

earth (1:50) no reaction 
Cobalt-diatomaceous 

earth (1:1) 52.3 4.7 27.9 
Iron-diatomaceous 

earth (1:1)1 g 768 7.2 10.3 
Iron-diatomaceous 

earth (1:1) lg 72.2 ea 78 178 


IV. THE PREPARATION OF BUTADIENE BY CATALYTIC 
HYDROGENATION OF MONOVINYLACETYLENE 
IN SOLUTION 


Zyunz1 HuruKAWA and TapAsI TUKAMOTO 


In the work described in the present paper, experiments were carried out on the 
catalytic hydrogenation of monovinylacetylene to butadiene in solution, with the 
same aim in view as that in the previous experiments (see Part III). 

In general the results of these latest experiments were more favorable than 
those with monovinylacetylene in the gaseous phase, for in solution it is some- 
what easier to remove the heat of reaction which is evolved locally on the 
surface of the catalyst. 

A large number of experiments with various catalysts and with several sol- 
vents was carried out, and it was found that the best results were to be obtained 
with palladium black or with palladium-diatomaceous earth in ethyl acetate. 
It was also found that when the reaction is carried out under pressure, a concen- 
trated solution of monovinylacetylene or monovinylacetylene alone without a 
solvent can be used; however, not only is this of no particular advantage, but it 
actually increases the proportion of byproducts, i. e., the proportions of butene 
and oily products. In this case the increase in the temperature of the reaction 
is considerable unless provision is made for cooling of the apparatus. 

The quantity of catalyst carrier in relation to that of the catalyst itself has 
no great effect on the yield of butadiene. In the experiment with palladium 
black, 7. e., in the absence of a carrier, there was a tendency for the yield of 
polymerization products to increase. 
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In general the reaction did not seem to proceed stepwise. Even at the beginning 
of the reaction, rather large quantities of butene and polymerization products 
were formed. As may be seen in Figure 1, the yield of butene was a maximum 
when the reaction was stopped at the point at which 120-130 per cent of the 
theoretical quantity of hydrogen (65 per cent based on the monovinylacetylene) 
had been absorbed. 





Reaction products 
(mol.- /e, based en monovinylacetylene) 


v 2 
Tud 18 120 me 46 150 160 ir) Tso Tyo 200 
Absorption of hydrogen 
(mol.-%, based on monovinylacetylene) 











Fic. 1.—Hydrogenation of monovinylacetylene in ethyl acetate solution. 


I. Butene. 

II. Butadiene, based on monovinylacetylene consumed. 
III. Butadiene, based on total monovinylacetylenre. 
IV. Polymerization products. 

V. Monovinylacetylene unconsumed. 
VI. Ratio: butadiene: butene. 


The reaction was found to proceed very satisfactorily at 5-20° C; above 20° C 
the yield of byproducts increased. 

The influence of the proportion of catalyst was investigated. A large pro- 
portion of catalyst increased the velocity of the reaction; at the same time, 
however, there was a greater tendency to form byproducts. This same tendency 
was evident when the proportion of catalyst was too small. 

The experiments show that the drawback of the process lies in the formation 
of byproducts in considerable quantities. This point must be given special con- 
sideration from the technical point of view. 





SYNTHETIC RUBBERS: A REVIEW 
OF THEIR COMPOSITIONS, 
PROPERTIES, AND USES * 


LawreENceE A. Woop 


NATIONAL BuREAU OF STANDARDS, WASHINGTON, D. C. 


I. INTRODUCTION 


Synthetic rubber has been the dream of many during the century which has 
passed since Faraday first determined the carbon-hydrogen ratio in natural 
rubber, but it has completed only about a decade of commercial success. Every 
year of the past ten has seen an increase in the quantity produced, the num- 
ber of varieties available, and the number of applications. 

The aims in various countries have been different, and the development has 
proceeded in different directions. The most active research has been carried 
on in Germany, Russia, and the United States. There has been relatively little 
collection and intercomparison of the rather limited data on the physical proper- 
ties of the different varieties of synthetic rubber. Scientific articles have been 
largely devoted to descriptions of single varieties or to discussions of limited 
phases of the work with respect to one variety. The present paper represents 
an attempt to make a summary of the facts regarding the different varieties, 
an intercomparison of some of their properties, as reported in previous publica- 
tions, and to present a fairly complete bibliography of the modern literature 
on the subject of synthetic rubber. Because of the relatively short time during 
which the different varieties of synthetic rubber have been available, the data 
concerning them have been reported almost entirely by observers in the labora- 
tories of companies each interested in the manufacture and sale of a particular 
variety. In almost every case, therefore, the figures necessarily lack independent 
confirmation. 

The development of synthetic materials to replace those of vegetable or 
animal origin has been a matter of frequent occurrence. Many examples can be 
cited, beginning with alizarin and indigo, and continuing with dyes, fertilizers, 
drugs, and vitamins. Usually the development follows a fairly well-defined 
pattern, consisting of: (1) scientific research on the analysis of the natural 
product, leading to an exact knowledge of the chemical constitution and struc- 
ture; (2) evolution of methods for the duplication of the substance from cheap 
raw materials, and (3) commercial production of the synthetic product at a 
price low enough to compete with, and even to displace, the natural product. 
In most cases the synthetic product is chemically and physically the same as 
the natural product and is not an improvement, unless the absence of impurities 
or nonessential ingredients can be considered an improvement. 

Although thirty years ago the expectation was general that the development 
of synthetic rubber would follow this course, it has not done so, since serious 
difficulties were encountered with each of the three steps of the typical pattern 
of development. Consequently, scientific workers engaged in much research 
which now seems fruitless. The belief that the development should follow the 
customary pattern, as outlined, has given rise to many popular misconcep- 
tions as to the present status of synthetic rubber. 


* A reprint of Circular of the National Bureau of Standards C 427; Issued June 25, 1940; 29 pages. 
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Scientific research on natural rubber has yielded much information, but even 
today it cannot be said that the structure of rubber is known in the sense that 
the structures of most substances of lower molecular weight are known, Our 
knowledge, though incomplete, is probably sufficient to enable us to say that 
no process has yet been found by which it is possible to produce a material 
possessing both the chemical constitution and the physical properties of natural 
rubber. Finally, the cost of the synthetic products which most nearly approach 
natural rubber in character is far above the present price of natural rubber. 
In view of these facts the whole approach to the problem has been revised. 
It seems now to be recognized that the desirable physical properties of rubber 
are not necessarily closely related to its chemical constitution, and since, in 
almost all its uses, its physical properties are of first importance, the effort to 
duplicate the chemical constitution of natural rubber has been abandoned. 

In recent years the very meaning of the term “synthetic rubber” seems to 
have changed to agree with the change in the point of view. Thirty years ago, 
the term meant a synthetic material physically and chemically indistinguishable 
from natural rubber (except possibly for the absence of impurities). Since no 
material has been produced which fits this definition, the term has come to mean 
to most people a synthetic material possessing the approximate physical, proper- 
ties of natural rubber??*. Several authors* 1% 19 21,225 have attempted to ex- 
press such a definition in more exact terms. Others, following the older defi- 
nition, have hesitated to use the phrase “synthetic rubber”, and have taken 
refuge in the more indirect expressions “synthetic rubberlike material”, “elastic 
synthetic”, and “rubber substitute”. Perhaps the most satisfactory solution 
would be the adoption of some single word such as “elastomer”, as suggested by 
Fisher’, but as yet no such word has met with general acceptance. The term 
“synthetic rubber” has been used so widely that it would probably be diffi- 
cult to displace it. 

The economic factors involved in the production of synthetic rubber have 
changed considerably in the past thirty years. The growth of plantation rubber 
in the Far East has reduced the price of natural rubber from the maximum 
of about $3 per pound in 1910 to less than 20 cents per pound in 1940. The 
cheapest commercial synthetic rubber still costs about twice as much as the 
natural product. Nevertheless, in recent years certain countries, notably Germany 
and Russia, insisting on economic self-sufficiency, have considered a high price 
paid within the country to be of little importance compared with expenditures 
in foreign currency for natural rubber. Self-sufficiency in wartime, of course, 
has also been a factor of paramount interest to these governments'* 125, 

These economic and political factors have influenced scientific objectives and 
development in the different countries. In Germany and Russia, the primary 
aim appears to have been to duplicate, or nearly duplicate, the properties of 
natural rubber as cheaply as possible and any improvement in qualities seems 
to have been of only incidental or secondary importance. In the United States, 
on the contrary, the primary aim has been to produce a product superior to 
natural rubber in some respect, the cost being a matter of secondary importance. 
In a free world market, only a superior synthetic rubber can justify a higher 
price. Whether or not in the future the other countries, including the United 
States, will be moved by considerations of self-sufficiency to follow Germany 
and Russia remains to be seen. Up to the present time, such considerations 
have not played much part in the development of synthetic rubber in these 
countries. 
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II. VARIETIES OF SYNTHETIC RUBBER 


In conformity with the trend already mentioned, the term “synthetic rubber” 
in this paper will be taken to mean merely a synthetic substance which has physi- 
cal properties resembling those of natural rubber; that is, it can be stretched 
a considerable amount, let us say to an elongation of at least 300 per cent, and 
when released will quickly and forcibly retract to substantially its original di- 
mensions. About 30 varieties of synthetic rubber are listed in Table I, under 
the trade names used by the manufacturers. Of these, some are practically 
identical and some are very closely related to others. They have been classified in 
six general types, according to chemical composition, and the discussion in the 
present paper follows this classification. The chemical constitutions of almost all 
of the varieties in Table I, together with that of natural rubber, are shown 
in Table II. 

In common with natural rubber, all types of synthetic rubber consist of 
atomic chains of very great length—giant molecules as they are sometimes 
called—built up by the repetition, usually thousands of times, of some unit 
configuration. In all but the last two cases shown in Table II, the long chains 
are built up by polymerization, or linking together, of the molecules of liquids. 
In the process of formation of the polymer from the liquid monomer, in each 
case the double bond attached to a carbon atom at the end of the molecule 
opens to form the necessary valence bond for attachment to the next unit. The 
organic polysulfide rubbers, which are illustrated by the last two types in 
Table II, possess long chains formed not by polymerization, but by condensation. 
The atoms at the ends of two different molecules combine with each other, thus 
leaving the remaining radicals free to combine, and forming long chains by the 
repetition of the process!®°, In none of the different varieties of synthetic rubber 
has the nature of the terminal group of the chain been definitely established. 
It comprises only a very small fraction of the total material, and may be different 
in different chains of the same material. 

The production of synthetic rubbers involves two steps—the manufacture of 
the monomer, and the polymerization or condensation reaction. The first step 
usually follows fairly common and well-understood reactions; the second step 
is much more empirical and less understood, but usually involves the use of a 
catalyst and the control of temperature and pressure. 

One of the most important improvements during the past few years has been 
the adoption, in many cases, of polymerization in emulsion. The monomer is 
emulsified in a liquid, usually water, and the product is a suspension similar to 
the latex of natural rubber. Another important advance was the discovery and 
development of copolymerization. This is a process involving the simultaneous 
polymerization of two or more liquids, and yielding a product in which a single 
chain contains units of both configurations. The copolymers of butadiene with 
styrene ayd of butadiene with acrylonitrile are the best known examples. 

Prolonged research?® has failed to locate a cheap source of supply for the 
manufacture of isoprene, or to produce from it a polymer with physical proper- 
ties close to those of natural rubber. Consequently, efforts in these directions 
have been almost completely abandoned, and all the commercial synthetic rub- 
bers differ chemically from natural rubber. Between 1915 and 1918, the Bayer 
plant in Germany produced about 2,500 tons of rubber from dimethylbuta- 
diene**. The product, called “methyl rubber”, has not, since then, retained any 
commercial importance. With these exceptions and possibly a few others, all 
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the materials shown in Tables I and II are at present in commercial production, 
although some are produced in very limited quantities. From the diversity of 
chemical constitutions shown by the examples in Table II, one may conclude that 
the physical properties ordinarily associated with rubber are not limited to 
one group of related chemical compounds, and that there are probably many 
more undiscovered types of synthetic rubber. 


III. CHLOROPRENE POLYMERS 


The preparation and properties of the chloroprene polymers have been de- 
scribed quite extensively in the scientific literature. Neoprene, formerly called 
Duprene, is the leading representative of this type, and is widely used in the 
United States and in England. The Russian chloroprene polymer is called 
Sovprene®, 

The chemical reactions®® *! involved in the manufacture of chloroprene are 
indicated by the following equations: 


3°C oh CaO —CaC, 4. CoO 
coke lime calcium carbide 








ee H.O »HC=CH + 


water as oe 








HC=CH —CH = C—CH=CH, 
acetylene vinylacetylene 





_ eet —CH,=CCl—CH=CH, 


HClI———_— 
hydrogen chloride chloroprene 


Chloroprene polymerizes much more rapidly than butadiene and, with a 
few unimportant exceptions, somewhat more rapidly than any of the derivatives 
of butadiene**. If the polymer is removed when polymerization is about one- 
third complete, it is found to possess quite different mechanical properties from 
those of the completely polymerized material®®. The former product, the a- 
polymer, resembles unvulcanized rubber while the latter, the u-polymer, re- 
sembles vulcanized rubber. The commercial varieties of Neoprene correspond 
to the a-polymer, and are made by the polymerization of chloroprene under 
different conditions. Neoprene G, for example, is an emulsion polymer’®. A 
very small amount of a stabilizing material, commonly phenyl-$-naphthylamine, 
is usually added to Neoprene after polymerization®™: °°, The stabilizer prevents 
continued polymerization, or more particularly cross-linking or cyclization, which 
would cause a stiffening of the Neoprene during storage. Plasticizers are fre- 
quently added in small amounts for the purpose of enabling the material to be 
processed more conveniently with the usual rubber machinery®®. 

When Neoprene is heated, it undergoes a permanent change in physical 
properties similar to that involved in the vulcanization of rubber. The chloro- 
prene polymers are unique among rubbers, synthetic or natural, in that this 
process can occur without the addition of other materials. In commercial prac- 
tice, however, it is found more desirable to add a number of compounding in- 
gredients. Several of the metallic oxides** **, such as magnesium oxide, zinc 
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oxide, and litharge, function as vulcanizing agents, rather than sulfur, which 
when used, acts as an accelerator. Many of the organic accelerators used with 
natural rubber are not effective with Neoprene, but catechol and some similar 
substances are said to be promising substitutes*® °°. The addition of carbon 
black, which is usually found desirable, makes a stiffer compound, but, contrary 
to its effect with natural rubber, it does not increase the tensile strength. It 
has not been found possible to vulcanize Neoprene to a state corresponding 
to ebonite, or hard rubber. Compounding materials are mixed with Neoprene 
by means of the usual rubber machinery, but its behavior on milling is somewhat 
different. Neoprene E and the types previously produced appear to be unaf- 
fected by mastication, the softening which occurs being caused merely by the 
elevation of temperature. The newer types G, GW, and GN may be substan- 
tially softened by mastication®®. 


IV. BUTADIENE POLYMERS 


Butadiene, either alone or in combination with other substances, is the source 
of almost all the synthetic rubber manufactured in Europe. .Butadiene, a gas at 
temperatures above —5° C, is being manufactured by a number of different 
methods. One method'** involves the pyrolysis (cracking) of petroleum, espe- 
cially the higher-boiling components. Under the proper conditions the process 
yields butadiene directly. The crude butadiene is then subjected to purification. 
This process is used in the manufacture of the Russian rubber called SKA?%, 
and it is reported to be the one which the Standard Oil Co. is planning to use 
in the United States for the manufacture of a rubber similar to Perbu-. 


nan'!?, 118,117, A dehydrogenation of some of the lower-boiling components 
of petroleum has also been described, but not yet put into commercial prac- 
tice!34, 135. 

In another important method, alcohol is converted into butadiene by a re- 
action!*® indicated by the following equation: 


2C,H,OH — CH,=CH—CH=CH,+2H,0+ H,. 
alcohol butadiene 


The butadiene used in the manufacture of the Russian rubber SKB is prepared 
in this manner from alcohol obtained by the fermentation of grain or 
potatoes! 114, 131, 

The polymerization of an impure material yields a product of low molecular 
weight, presumably because the formation of long chains is interrupted by the 
impurity. It is very difficult to obtain butadiene of high purity from petroleum 
products, especially when they are the products of cracking operations, or from 
agricultural products, particularly when they are obtained by fermentation. 
This fact is one of the major causes of difficulty and expense in the manu- 
facture of butadiene from these sources. 

One possible process for the manufacture of butadiene from acetylene is 
similar to that already given for the manufacture of chloroprene, except for the 
substitution of hydrogen for hydrogen chloride in the last step. However, the 
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reactions of the process'?*: 14° actually used most extensively in Germany are 
indicated by the following equations: 


3 C oo CaO ny CaC; | Co 
coke lime calcium carbide 





beet no HC=CH 
water acetylene 





H,0 CH;—CHO 
water acetaldehyde 





acetaldehyde aldol 


| 


2H —-— CH;—CH(OH)—CH,—CH:0H 
butanediol or 
butylene glycol 











ladien CH,;=CH—CH=CH; + 2H,0. 
butadiene 


Although long, the process is said to be free from side reactions, and to yield 
butadiene of high purity. 

The first reaction is carried out in a furnace for which large amounts of elec- 
tric energy are required'!°. The cost of the electric energy is probably one of 
the largest items in the whole process. In another process reported to be in 
use in Germany the acetylene is said to be extracted from coke-oven gases. 

For the products known as Buna 85, Buna 115, SKA, and SKB, polymeriza- 
tion of butadiene is carried out with metallic sodium as the catalyst. Emulsion 
polymerization is used for Buna S and Perbunan. The copolymers Buna § and 
Perbunan contain 20 to 40 per cent of styrene'*® or acrylonitrile’, respec- 
tively. Polymerization, in addition to the formation of the long chains, leads to 
a certain amount of cross-linking, or cyclization. The continuation of cycliza- 
tion during storage of the raw material is prevented by the addition of a very 
small amount of a stabilizer, phenyl-B-naphthylamine being almost always 
used!28, 

Buna S and Perbunan, in the uncompounded state, are somewhat stiffer than 
natural rubber, and they behave somewhat differently during processing on 
the usual rubber machinery. Heating Buna S to a temperature of 130° to 
150° C for 1 or 2 hours in the presence of air produces a temporary change 
known as thermal oxidative softening, which is of very considerable im- 
portance in the technology of this material'*?. Since such a treatment is not 
effective with Perbunan, various softeners are usually added to facilitate 
processing. 

Vulcanization of the butadiene polymers is carried out with sulfur as the vul- 
canizing agent, together with zinc oxide and organic accelerators. With suf- 
ficient sulfur, compounds of the ebonite type can be made'®’. In these respects 
the butadiene polymers are similar to natural rubber and differ from Neoprene. 
The ebonite made from the Buna rubber is said to soften at a higher temperature 
than that made from natural rubber'4’. 
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V. ORGANIC POLYSULFIDES 


The condensation reactions of organic dihalides with sodium tetrasulfide, indi- 
cated by the equations shown at the end of Table II, are typical of a large 
number of reactions'®®: 18° for obtaining substances which, although bearing no 
chemical relation to natural rubber, conform to the definition of synthetic 
rubber already given. Certain products of this type are given the trade name 
Thiokol in the United States, and Perduren in Germany. In each unit of these 
compounds, two sulfur atoms are part of the main chain, while the two others 
are attached to them and are not part of the main chain. If the latter two 
sulfur atoms are removed by chemical means’®°, Thiokol A yields an inextensible 
product, but Thiokol B yields material which is still extensible and is sold as 
Thiokol D*8*, Perduren G is similar to Thiokol B, while Perduren H is formed 
by the reaction of di(chloroethyl)formaldehydeacetal with sodium tetrasul- 
fide*!, 188, Perduren L is a mixture of Perduren and Perbunan. A Japanese 
product, Thionite, is obtained from the reaction of ethylene diglycoside with 
sodium tetrasulfide'*?. Vulcaplas is an organic polysulfide made in England by 
the reaction of glycerol dichlorohydrin with sodium tetrasulfide or similar sul- 
fides!?*. The raw materials from which many of the polysulfide rubbers are made 
are relatively cheap. The sodium tetrasulfide is obtained from the reaction of 
caustic soda and sulfur; the organic dichlorides are produced from common 
organic compounds and chlorine. The chlorine is obtained from salt, and many of 
the organic compounds can be obtained from natural gas. 

The polysulfide rubbers can be vulcanized, like Neoprene, with the metallic 
oxides as vulcanizing agents and sulfur as an accelerator. The chemical reaction 
must be of a type somewhat different from that in the vulcanization of natural 
rubber, where there is a decrease in the number of double bonds in the long-chain’ 
molecules; for the polysulfide rubbers, an oxidation with the evolution of water 
and an increase in chain length has been suggested'®®. Fillers are usually re- 
quired for the development of satisfactory tensile strength. Carbon black is 
most frequently employed for this purpose. 

The polysulfide rubbers, particularly Thiokol A, are by far the most resistant 
of the synthetic rubbers to the effects of liquids. Their chief disadvantages are a 
rather strong, unpleasant odor and some deficiency in mechanical properties. 
The odor has, however, been considerably reduced and rendered less objection- 
able in some of the newer varieties, and practically eliminated in others. Cold 
flow is a mechanical deficiency which can be reduced somewhat by increase of 
the amount of filler or by mixture with other types of rubber, natural or 
synthetic. Thiokol A is recommended for use only at temperatures between 
—10° C and +70° C, but many of the other types are serviceable from about 
—40° C to +80° C1, 


VI. ISOBUTENE POLYMERS 


The polymerization of isobutene, a hydrocarbon obtainable from petroleum, 
gives a synthetic rubber which was developed in Germany under the name 
Oppanol?°*, Further research has continued in the United States, where the 
product is sold under the name Vistanex?°*. The polymerization is conducted at 
low temperatures with substances like boron fluoride or aluminum chloride as 
catalysts, and is extremely rapid, often being completed in a fraction of a 
second? 2°7, The molecular weight of the product is controlled by the tem- 
perature at which polymerization occurs. For a temperature of —10° C, the 
molecular weight, as measured by the Staudinger viscosity method, is about 
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10,000; for a temperature of —95° C, about 250,000. Isobutene polymers with 
molecular weights as high as 400,000 can be prepared in this manner?°, 

Since the vulcanization of natural rubber is usually thought to be connected 
with a chemical reaction involving double bonds in the long-chain molecules, 
it is not surprising to note the failure of all attempts®®* to vulcanize isobutene 
polymers, which contain no double bonds. 

Some writers?!: 128 prefer to use vulcanizability as one of the criteria for the 
classification of a material as a synthetic rubber. Consequently, contrary to the 
practice of the present paper, they do not include among synthetic rubbers the iso- 
butene polymers, or the plasticized vinyl chloride polymers, discussed in the follow- 
ing section. Isobutene polymers maintain their elastic properties at temperatures 
as low as —-50° C and as high as +100° C%*: 194, 204, 


VII. PLASTICIZED VINYL CHLORIDE POLYMERS 


Polymerized vinyl chloride is ordinarily obtained as an amorphous white 
powder, but by the application of pressure can be converted at 120° C into a 
transparent brittle solid, possessing a very small extensibility?’®. By itself it 
is not rubberlike; it has been found, however, that by the addition of a suitable 
liquid it may be plasticized to give an extensible material with an increase in 
the ultimate elongation up to about 500 per cent?!*. The amount of tricresyl 
phosphate, the plasticizer most commonly employed, may be as high as 60 per 
cent of the total. In the United States, Koroseal and Flamenol are the most 
widely used varieties of plasticized vinyl chloride polymers. The vinyl chloride 
polymers, like the isobutene polymers, contain no double bonds, as can be seen 
in Table II. Similarly, no method for their vulcanization has been discovered. 
No increase in tensile strength has been found when fillers are mixed with 
plasticized vinyl chloride polymers*!?. Since a reversible softening of the ma- 
terial occurs when it is heated, service temperatures above 77° C are not 
recommended?!5, 

Fuoss?!® has given an equation for the calculation of the specific volume, V, 
in cc. per g., of mixtures of polymerized vinyl chloride and tricresyl phosphate. 
His equation is equivalent to: 


V=0.706 +0.155P, 


where P is the weight of tricresyl phosphate expressed as a fraction of the total. 
A mixture of 40 per cent of tricresyl phosphate with polymerized vinyl chloride 
was found?!? to have a specific heat of 0.417 cal/g between 28° and 59° C and 
a thermal conductivity of 1.42+0.07 x 10-8 j: sec-+- cm™! + deg! at temperatures 
between 50° and 100° C. 


VIII. COMPARISON OF PROPERTIES 
1. DENSITIES 


Values of the densities of a number of different varieties of synthetic rubber 
are shown in Table III. The temperature of the observation was seldom specified, 
but may be presumed to have been between 20° and 25° C. It will be noted, as 
might be expected, thatethe varieties consisting of hydrocarbons possess the 
lowest densities, while the varieties containing chlorine, namely Neoprene and 
Koroseal, and those containing sulfur, namely, the Thiokols and Perdurens, 
have higher densities. 
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Taste III 


Densities oF UNVULCANIZED MATERIALS 


Density 
Material ; Reference 
Natural rubber : 223 
u-Polymer of chloroprene 60 
Neoprene 93 
Perbunan : 128 
Perbunan Extra j 128 
Methy] rubber (20° C) : 33 
Thiokol A d 190 
Thiokol D ‘ 190 
Thiokol DX } 190 
Thiokol F ; 190 
Perduren G d 31 
Perduren H d 31 
Perduren L ; 31 
Vistanex HM (25° C) : 202 
Vinyl chloride polymer containing 0% plasticizer.. 1.42 219 
Vinyl chloride polymer containing 30% plasticizer... 1.33 219 
Vinyl chloride polymer containing 60% plasticizer.. 1.25 219 


2. REFRACTIVE INDICES 


The values of refractive index which have been reported are shown in Table IV. 


Taste IV 


REFRACTIVE INDICES OF UNVULCANIZED MATERIALS 


Temperature, 
Material °o Ny Reference 

Natural rubber 1.5190 227 
u-Polymer of chloroprene . 15512 60 
Neoprene 1.5580 51 
Neoprene 1.5562 51 
Perbunan 1.5213 51 
Perbunan 1.5198 51 
Methyl rubber 1.525 33 
Vistanex HM 1.5089 209 
Vistanex HM 1.5131 209 
Components of plasticized vinyl chloride polymers: 

Vinyl chloride polymer (unplasticized) 4 1.565 219 

Tricresyl phosphate (plasticized) 1.5494 219 


3. Ipentitry Pertops ALONG THE FiBer AXEs 


The x-ray patterns obtained when many of the varieties of synthetic rubber 
are stretched indicate the existence of a fiber structure during stress. Identity 
periods along the fiber axes have been reported, in Angstrom units, as follows: 


Natural rubber 8.20 A226 
u-Polymer of chloroprene 481 A®%, 73, 75 
Thiokol A 4.32 or 8.64 A37, 38 
Oppanol 

Vistanex 

Vinyl chloride polymer (unplasticized).... 5.0 A87 
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4. ELECTRICAL PROPERTIES 


The published data on the electrical properties of the various varieties 
of synthetic rubber are rather incomplete. The presence of polar groups— 
chlorine in Neoprene and Koroseal, and the nitrile group in Perbunan—is re- 
sponsible for relatively high values of conductivity and dielectric constant in 
the types mentioned. The following values have been observed!®? at 28° C 
and are said to be representative of Neoprene compounds containing only enough 
added ingredients to insure proper vulcanization: dielectric constant at 1,000 c/s, 
7.5; power factor at 1,000 c/s, 300x 10; and d-c conductivity, 10-42 mho + cm-?. 
The electrical properties of Buna 85, Buna 115, and Buna § are nearly alike. 
Values reported’** for a temperature of 20° C are dielectric constant at 50 c/s, 
29; power factor at 50 c/s, 7x10; and conductivity, 10-*°—10-** mho: cm". 
Perbunan, with its polar nitrile group, has a dielectric constant of the order of 
15 and a conductivity of 10-7—10-* mho: cm“ 18, 

The same author?** has more recently reported values for Buna S and Buna SS 
at 20° C as: dielectric constant at 50 c/s, 4.3 to 4.7; and power factor at 
50 ¢/s, 170 x 10-*. In the same work the conductivity of Perbunan was given as 
between 10-1° and 10-§ mho-cm-!. The dielectric constant of a Thiokol com- 
pound has been reported as 4.60 58. Scott?°> has made some electrical measure- 
ments on Vistanex at 25° C. The dielectric constant at 1,000 c/s and at 100,000 
c/s was found to be 2.29. The power factor at 1,000 c/s was measured at 
1.5x10-* and at 100,000 c/s as 3.4x10-*. The d-c conductivity 1 minute after 
the application of the potential was less than 20x10 mho:cm-. The elec- 
trical properties of vinyl chloride polymers, plasticized with tricresyl phosphate, 
have been the subject of extensive studies by Fuoss??® 217; 218, 219 and by Davies 
and Busse*!8, The results obtained are too detailed and complex for summary 


here, but a few values selected from one paper?!®, reporting measurements at 
40° C, are given below. 


Dielectric constant Direct-current con- 
Plasticizer r A . ductivity 

Per cent 60 c/s 1,000 c/s mhoeem=1 
3.338. 0.1 10 
5.72 2.8 < 10°" 
9.65 323. x 10" 





5. TENSILE STRENGTHS 


The maximum reported values of the tensile strengths with the corresponding 
elongations for different kinds of synthetic rubber are given in Table V. Since 
the data were necessarily obtained from a number of sources, the conditions of 
measurement may not have been strictly comparable in all cases. In some in- 
stances, the figures have been rounded off from those actually observed. The 
figures refer, respectively, to the unvulcanized material, to a vulcanized com- 
pound containing no fillers, and to a vulcanized compound containing approxi- 
mately the optimum amount of carbon black for maximum tensile strength 
in each case. 

A study of Table V reveals a number of interesting facts. The major increase 
in tensile strength of natural rubber occurs on vulcanization; the effect of the 
addition of carbon black is to increase the tensile strength somewhat and to 
stiffen the rubber quite considerably. No synthetic rubber compounds have 
been made with tensile strengths exceeding those of the best carbon black com- 
pounds of natural rubber. Neoprene shows no increase in tensile strength with 
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the addition of carbon black, but undergoes a stiffening. Thiokol, very weak 
in the unvulcanized form, is markedly strengthened by vulcanization; by far 
the major increase in tensile strength, however, occurs on the addition of carbon 
black. Carbon black is also the major factor in obtaining high tensile strengths 
with Perbunan and the other types of Buna rubber, as well as with methyl 
rubber. Vistanex shows an increase of tensile strength with increasing molecular 
weight; the figures given are presumably for molecular weights of the order of 
100,000 and 200,000, respectively. Koroseal is found to decrease in tensile 
strength and to increase in the corresponding elongation, as the amount of 
plasticizer is increased. 


6. SUPERIORITIES OF SYNTHETIC RupBEers TO NATURAL RUBBER 


The higher cost of synthetic rubbers is offset in a number of cases by the 
superiority of some of their properties in comparison with those of natural 
rubber. Foremost among these properties at present is resistance to the effects 
of liquids, particularly petroleum products. Table VI presents the results of 
swelling measurements for natural and synthetic rubbers in a number of liquids 
in which the swelling of natural rubber is particularly large. The figures have, in 
some cases, been rounded off from those actually observed. Since the data were 
necessarily obtained from a number of sources, the values, like those for tensile 
strength, may not be strictly comparable in all cases. However, the figures suf- 
fice to give an idea of the orders of magnitude involved and an idea of the 
relative swelling of different types of synthetic rubber. 


Taste VI 
SWELLING oF VULCANIZED COMPOUNDS IN LIQUIDS 


[Volume increase, in per cent, after immersion for 8 weeks at room temperature] 


Nat- Per- 

ural Neo- bunan Thiokol Thiokol Thiokol 
rubber prene Perbunan Extra A D DX, F 
Liquids 0 % % % % % 
Light gasoline (benzine) ou 20 20 see Hx 
Gasoline 2 8 40 arte 3 3 
Kerosine 60 Hot ae 2 2 
Diesel oil nae 15 15 Sas ‘ue it 
Fuel oil $ 5% Diets sa 10 10 
Lubricating oil 40 —4 ae 1 1 
Paraffin oil rs 3 nS og ene a 
Transformer oil a 5 


Acetone 25 110 100 pe va 9 
Benzene 160 210 140 150 90 
Carbon tetrachloride 160 220 120 40 30 
Ethyl ether 50 50 eS Sei Ate bee 
Linseed oil Sand 20 Fi cata 1 1 
Turpentine 90 50 30 0 


References 96 31,49, 156 31 190 190 190 


The first eight liquids are petroleum products, in the handling of which syn- 
thetic rubber has been found particularly useful. Unfortunately, the common 
names used for the liquids are insufficient to describe their chemical composi- 
tions, which may vary widely with place of origin and subsequent treatment. 
Since the swelling is determined largely by the chemical composition of the liquid, 
such a wide variation of values is obtained that the figures quoted for these 
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products are less significant than those for the others. Neoprene, for example, 
may swell in different lubricating oils at 100° C as much as 120 per cent or 
as little as 12 per cent®®. Correlation is found with a figure which represents 
to some extent the ratio of aliphatic to aromatic components in the oil. 

For many uses, loss of tensile strength on swelling is an even more serious 
factor than actual swelling. Very little information on this subject has been 
published. Usually the tensile strength of a synthetic rubber shows less im- 
pairment than that of natural rubber, even when the amounts of swelling are 
not widely different. Synthetic compounds can be made which are greatly 
superior to natural rubber in that there is much less extraction of soluble ma- 
terial by liquids in contact with them. 

The second important general superiority of many synthetic rubber com- 
pounds is their resistance to deterioration or aging under conditions which im- 
pair the utility of natural rubber. Some of these conditions are exposure to the 
oxygen of the atmosphere, to ozone from electric discharges, or to light, espe- 
cially direct sunlight?” 187 or to high temperatures! 147, 162, Flex-cracking can 
also be considerably reduced or eliminated in many cases®?: 128, 

Since the usual deterioration of natural rubber is thought to be connected 
with an oxidation reaction involving the double bonds, it is not surprising to 
note the superiority, in this regard, of isobutene polymers?°* and plasticized vinyl 
chloride polymers???, which contain no double bonds. 

Synthetic rubber compounds ean be made which show a greatly decreased 
permeability to liquids and gases compared with natural rubber. Part of the 
advantage is due to the absence of proteins and other nonhydrocarbon compo- 
nents, and part to differences in structure. The diffusion constant for water is 
defined by Taylor, Herrmann, and Kemp*’ as the number of grams of water- 
vapor passing through 1 sq. cm. of the material 1 em. thick in 1 hour under a 
differential pressure of 1 mm. of mercury. The values which they found are 
as follows: 


Soft vulcanized rubber............. 6.66 < 10° gshr.”*-em-cm.”*: (mm. of mercury)”. 
ts 6.045 dhe e hk KE as aoa ee 1.51 X 10° gshr.*-cm-cm.~*: (mm. of mercury). 
Neoprene (vulcanized) ............ 2.63 < 10° ghr.-cm-cm.”*: (mm. of mercury)”. 
gop SD eee | ee ape rr ae 2: aia 0.22 & 10° g.-hr.*-em:em.~*: (mm. of mercury)”. 


Plasticized vinyl chloride polymer.. 3.85 X 10° g.-hr.*-em-cm.~*: (mm. of mercury)”. 


Roelig!®* has given corresponding figures for the Buna rubbers. Buna SS has a 
lower permeability than natural rubber, especially when the unvulcanized 
materials are compared. 

The permeability to gases, of several types of synthetic rubber, has been 
measured by Sager and Sucher®®, by Sager?®®, and by Barrer‘*. “Permeability” 
is defined by the former observers as the number of cubic centimeters per minute 
passing through a membrane 1 em. thick and 1 sq. cm. in cross-sectional area, 
when it separates air at atmospheric pressure from the gas at a pressure of 
30 mm. of water above atmospheric. The mean values which they obtained for 
hydrogen at 25° C are as follows: 


ne Ree ply er pameer geet y 24 10° cc.min.*-cm.cm.”. 
OD: on dd dasciocunen' ss 42 X 10° cc-min.*-cm.cm.”. 
DN OS ss So ocub stoke 0.71 X 10° cc.min.*-cm.cm.”. 
ML ES och ac deee esac ss 15 > 10° cc.min.”*-cm.cm.”. 


Buna §, Buna 85, and Buna 115 possess about the same permeabilities to air 
as natural rubber does, but Perbunan vulcanizates show a permeability less 
than half as large*4? 153, 











_ a a> ae 
_. » we 


on 


te 
a, 
of 


or 








REVIEW OF SYNTHETIC RUBBERS 877 


Since a very appreciable fraction of the weight of Neoprene and Koroseal 
consists of chlorine, these materials show a greater resistance to burning than 
natural rubber. They burn when a flame is applied, but combustion usually 
ceases when the flame is removed®?: 212, 

Losses from abrasion measured in the laboratory are reported to be about the 
same for the best compounds of Buna 85 and Buna 115 as for a high-grade tire 
tread of natural rubber’47. With Buna §, the abrasion is said to be about 
25 per cent less and with Perbunan about 40 per cent less. The figures refer 
to a material containing no softener or plasticizer. With the addition of the 
plasticizers which are necessary for working the materials on ordinary rubber 
machinery, as is done in the manufacture of tires on a plant scale, the ad- 
vantages in resistance to abrasion are considerably reduced. It is stated that 
road tests in which 40 test cars traveled about 750,000 miles showed losses from 
abrasion for tires of Buna 8 and Perbunan to be about 10 per cent less and 
about 30 per cent less, respectively, than for tires of natural rubber?®t. More 
recently the figure of 25 to 35 per cent has been given as the result of a long 
series of road tests on tires of Buna 8!*8. The other varieties of synthetic rubber 
are either inferior to natural rubber in resistance to abrasion, or only slightly 
superior. 

The absorption of energy by synthetic rubber during repeated stresses is 
generally greater than that for natural rubber®*: 192, 103, 104, 154, 160. This quality, 
a disadvantage under many conditions, especially where it may lead to over- 
heating of the rubber as in tires, is desirable in cases where the rapid damping 
of vibrations is important. 

As has been already mentioned, emulsion polymerization yields a latex similar 
to that of natural rubber. The latices of Neoprene®: 1%, 106 and Buna S1% 
contain particles which are smaller than those in the latex of natural rubber 
and are more nearly uniform in size. Furthermore, they contain no organic im- 
purities subject to putrefaction through bacterial action. Consequently, they 
are often used where the penetration of the latex into fine pores is of im- 
portance or where decomposition must be avoided. The latex of Thiokol A 
contains particles larger than those of natural rubber?®. 

The electrical properties of some types of synthetic rubber, notably Vistanex?°5 
and Buna 815%. 156. may be superior to those of natural rubber. The presence 
of polar groups, as already mentioned, is responsible for relatively high values 
of conductivity in Neoprene, Perbunan, and Koroseal. This property may some- 
times be turned to advantage as for example in the dissipation of undesired 
static charges. 


IX. APPLICATIONS OF SYNTHETIC RUBBER 


The applications of synthetic rubbers, like those of natural rubber, are so 
many and varied that it is impossible to do more than list some of the general 
fields and to illustrate with a few specific examples. In general there are possi- 
bilities for the use of synthetic rubber in every application of natural rubber, 
and in a number of additional fields from which natural rubber is barred by 
some of its deficiencies. No single type of synthetic rubber possesses outstanding 
advantages in all fields. However, for any given application it is usually pos- 
sible to select a particular variety of synthetic rubber which excels natural 
rubber in some property of importance for that application. Possibly no indi- 
vidual synthetic rubber will ever have as wide a field of application as natural 
rubber, but collectively synthetic rubbers possess a marked advantage over 
natural rubber by reason of the diversity of properties which they afford. 
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The commercial applications of synthetic rubber throughout the world today 
are determined in part by considerations of national economy and. in part by 
those of the inherent characteristics of the different varieties. More natural 
rubber is used in vehicle tires and tubes than in any other single field of ap- 
plication. Where considerations of national economy enter, notably in Germany 
and in Russia, synthetic rubber is used very extensively for this purpose. Else- 
where, however, its higher cost has thus far prevented anything more than ex- 
perimental applications in this field, where the deficiencies of natural rubber 
are not particularly noticeable. 

Buna § is at present the type of synthetic rubber in general use in Germany 
for tires, while Perbunan is generally reserved for those uses where resistance 
to the effects of liquids is important?*8. There are several important factors 
dictating the choice of Buna S rather than Perbunan for tires. It is cheaper to 
produce, and plasticization with hot air is possible. In adhesive properties 
Buna § is superior to Perbunan, although still inferior to natural rubber. Natural 
rubber, because of its greater adhesiveness and smaller energy absorption, is 
sometimes used for the carcass of a tire in which Buna § is used for the tread. 
A direct bonding between the two, without the use of intermediate material, is 
possible, but direct bonding is impossible between Perbunan and natural rubber. 
The lack of sufficient adhesiveness leads to difficulties in building tires with 
a large number of plies without the use of natural rubber. The manufacture of 
4-ply and 6-ply passenger car tires exclusively from Buna § is said to be on a 
satisfactory basis, but some problems connected with the manufacture of heavy 
truck tires apparently have not yet been completely solved! 128, 

Each of the properties in which synthetic rubbers may be superior to natural 
rubber, as mentioned in the preceding section, suggests possible applications for 
the former. Resistance to the effects of liquids, particularly hydrocarbons, is 
responsible for the very extensive use of synthetic rubber in hose and tubing, 
especially in the handling of petroleum products. In oil fields, refineries, tankers, 
filling stations, and in the automobile itself, petroleum products now usually 
pass through hose and tubing of synthetic rubber and into tanks which are sealed 
with it. Elsewhere in the automobile are many other parts which may come in 
contact with oil. More of them every year are being made of synthetic rubber 
or jacketed with it. The number of such parts at present on some cars is said 
to be as high as thirty or forty. For use in contact with oils, grease, fats, and many 
chemicals mountings for vibration absorption, conveyor belts, tires for industrial 
trucks, gaskets, and sealing devices are being made of synthetic rubber. Ad- 
ditional examples are shoe soles and heels, aprons, gloves, and similar articles 
for personal use under the same conditions. The relative stability of synthetic 
rubbers towards liquids is responsible for their increasing use in printers’ rolls 
and blankets, engraving plates, and similar articles. Tubes for spraying equip- 
ment for paints and lacquers utilize synthetic rubber to advantage. Neoprene, 
Thiokol, and Koroseal are extensively used in these applications. 

The electrical uses of synthetic rubber deserve special mention. As already 
noted, Vistanex, Buna 8, and the numbered Bunas are the only varieties which 
show superiorities to natural rubber in respect to purely electrical properties. 
They are being used as insulation for wires and cables. For many uses, especially 
at low voltages, the other varieties, such as Neoprene, Thiokol, and Koroseal, 
may be used also for insulation. There is much wider application, however, of 
these other varieties as jackets over insulation of natural rubber. They are fre- 
quently used in this way to protect natural rubber from the effects of light, 
air, ozone, oils, and other deteriorating influences. In many types of cables, 
jackets of synthetic rubber are displacing the lead sheaths formerly used. 
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The properties of low permeability to gases and stability in direct sunlight 
have been responsible for the use of synthetic rubber in balloons, from small 
ones intended for meteorological observations to-large passenger-carrying dirigi- 
bles. For example, the Goodyear airship Resolute, used for sightseeing flights, 
is covered with fabric coated with Neoprene. 

The impregnation of silk, cotton, and other fabrics with synthetic rubber of 
better aging qualities than the natural opens a whole field of household and 
personal uses. A few examples of products of this type are umbrellas, raincoats, 
tablecloths, shower curtains, and garment bags. Koroseal, which can be obtained 
in an extremely wide variety of colors, is especially applicable in this field. 


X. PRODUCTION FIGURES AND PRICES 


The steady increase in production of each type of synthetic rubber has been 
accompanied in general by a decrease in price. Many types are still produced 
in such small quantities that an expanded scale of operations may yet bring 
drastic reductions in price. In Germany and Russia, the only foreign countries 
where significant amounts of synthetic rubber are being produced, political con- 
siderations enter into reports of production figures, and the controlled economy 
of these countries makes it almost impossible to compare costs with those else- 
where. Even when market prices are known, the foreign exchange situation of 
these countries renders impossible a really significant calculation for the con- 
version of currencies. 

In Germany a plant at Schkopau with a capacity of 25,000 tons a year began 
production in April 1939°°. Another at Huls, Westphalia, of the same capacity 
has been under construction, and is probably now in operation’. Recent Russian 
figures are not available, but estimates as high as 50,000 tons a year or more are 
not uncommon!??®: 14, 

Compared with these figures for the countries where synthetic rubber is 
used in tires, the production figures seem very small for the United States, where 
such is not the case. The total production of synthetic rubber of all types in 
the United States in 1939 probably did not exceed 2,500 tons. Frolich® has also 
recently made a similar estimate. Neoprene and Thiokol have been produced in 
far larger quantities than the other types. 

The present market price of Neoprene is from 65 to 75 cents per pound, de- 
pending on the variety; that of Thiokol is from 35 to 60 cents per pound; that 
of Vistanex is from about 60 cents to a dollar per pound. Koroseal is not sold 
on the open market, but its price is estimated as being of the order of 50 or 
60 cents per pound. The cost of the Buna rubbers has been stated to be less 
than four times the cost of the natural rubber!2°, Perbunan has been sold in the 
United States at about a dollar per pound, a figure in general agreement with 
this statement. The cost has probably been somewhat reduced by the recent 
very extensive expansion of production facilities already mentioned. 


XI. BIBLIOGRAPHY 


The bibliography cites with some degree of completeness the scientific litera- 
ture of the decade 1930-1940, in which almost all the development of modern 
synthetic rubber has occurred. References to the patent literature are included 
only rarely. Brief summaries of almost 250 United States patents dealing with 
synthetic rubber have been given in a series of articles by Rossman?*. The 
patents have also been discussed in some detail by Génin’®, Voge®2*, Whitby and 
Katz®?, and Midgley**. The Russian literature, which includes at least one 
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journal devoted exclusively to synthetic rubber, has not been exhaustively in- 
vestigated, because the journals are not readily accessible, and most of the work 
has not had a great deal of influence outside of Russia. Sixteen references which 
have been found to be especially valuable or important are marked with an 
asterisk. Of the two books devoted exclusively to synthetic rubber the one by 
Schotz*®, published just before the beginning of the modern development of 
synthetic rubber, is chiefly of historical interest. The book by Naunton!® in- 
cludes much more recent information, and is particularly complete in its dis- 
cussion of Neoprene. 
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A STUDY OF POLYMERS * 
I. HIGHLY ELASTIC DEFORMATION OF POLYMERS 


A. P. ALEKSANDROV and Yu. S. LazurKIN 


LENINGRAD PHYSICOTECHNICAL INSTITUTE 


In the field of investigation of the phenomena of high elasticity the problems 
of most importance in the last few years have been: 

1. The development of a kinetic theory of the nature of forces during highly 
elastic deformatiqn’-*, which would make possible a thermodynamic interpreta- 
tion of the modulus of high elasticity; 

2. The determination of the relaxation phenomenon of highly elastic deforma- 
tion’, making it possible to evaluate the kinetics of the process. 

In the present work the temperature-time relation of the relaxation process 
of the highly elastic deformation of polymers is discussed. 

It is regrettable that no generally accepted definition of “high elasticity” can 
be found in the literature. Measurements of highly elastic deformation® are 
not only purely conventional, but are incorrect, because they do not indicate 
the important difference between the mechanisms of ordinary elastic deforma- 
tion and highly elastic deformation, which are not determinable by direct mea- 
surement. This is evident from the fact that the modulus of elasticity, when 
determined at various deformations of highly elastic materials, beginning with 
elongations of the order of 200-300 per cent and to deformations of the order of . 
a few thousandths of one per cent (obtained in the determination of velocity 
of sound in rubbers’® !!), shows low values characteristic of highly elastic defor- 
mation, whereas high modulus values characteristic of substances which are not 
highly elastic are governed by factors other than the amplitude of deformation. 

According to kinetic theories developed by Kuhn?-*, Guth®®, Mark’, and 
other investigators, the basic difference between resilient and highly elastic 
deformation is that ordinary elastic deformation involves changes in the mean 
distances between the particles, whereas highly elastic deformation involves a re- 
arrangement of the particles without any change in the mean distance between 
them. Let us examine at some |cngth the nature of the two processes. In the 
absence of external forces, the mean distance between the particles of a sub- 
stance is, in a general way, governed by the equality of the forces of attraction 
and repulsion. During elastic deformation, the external forces disturb this 
equality, and this results in a change in the distance between particles, the mag- 
nitude of which is such that the sum of all the forces acting on each particle 
becomes zero. As a result, there is an accumulation of elastic energy in the de- 
formed sample. When the external force is removed, the entire system reverts 
to its original state, corresponding to a minimum of free energy. In this way 
the phenomenon of ordinary elasticity is fundamentally connected with changes 
in the distance between the particles. In highly elastic deformation, the situa- 
tion is different. In the absence of external forces in highly elastic substances, 
as in all amorphous substances, a codrdination in the arrangement of neighboring 
particles can exist at each moment, but without any macroscopic preferential 
orientation, i.e., the mean distribution is unordered. The external forces cause 
a directed regrouping of the particles, which leads to (1) irreversible transposi- 


* Translated by Charles Blanc for RuBRER CHEMISTRY AND TECHNOLOGY from the Journal of Technical 
Physics (U. S. S. R.), Vol. 9, No. 14, pages 1249-1260, 1261-1266 and 1267-1279 (1939). 
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tions, i.e., flow, and (2) transpositions, the result of which is a preferential orien- 
tation of particles in the system. This orientation in deformed highly elastic sub- 
stances is confirmed by double refraction and by x-ray data!® 1°. Thermal flow 
tends to disturb the orientation, which in itself is a cause of the force which 
counteracts the deforming force. On removing the external force, heat flow 
again brings the system into the original unoriented state. In this way, the 
original form of the sample is restored. The smaller is the effect of the irreversible 
rearrangements, the greater is this recovery. Proceeding from the supposition 
that the oriented and unoriented positions of particles are equivalent from an 
energy point of view, it follows that the density of a substance deformed 
in this way, as well as during flow, remains constant. Such a physical property 
of highly elastic deformation is in complete agreement with the kinetic theory; 
in fact it has been observed that during the highly elastic deformation of rubber'®, 
bakelite!? and polyvinyl acetate!®, the volumes remain constant. Fillers and 
crystallization give cumulative effects, leading to changes in volume; these, 
however, can be computed. It is possible that in some substances the oriented 
and nonoriented distribution of particles may not be equivalent from an energy 
point of view. Such a possibility has been pointed out by Houwink'’. In the 
further development of the theory of high elasticity, this point must be con- 
sidered, although it is not considered in the present communication. 

The reversible transposition of particles in a simple amorphous substance is 
limited by the size of the molecules, and therefore deformation accompanied 
with rearrangement is always accompanied also by a very considerable flow by 
plastic deformation. (The term “reversible” is used here and later, not in the 
thermodynamic sense, since such transpositions are always connected with a 
dispersion of energy, but in the sense of the spontaneous recovery of the 
original form on removal of the external forces.) In polymers, however, the 
reversible transposition of particles (separate links of the polymer chain) is 
limited by the length of the macromolecule, i.e., it is considerably greater, 
while the irreversible deformation is made very difficult by the fact that the 
flow which occurs leads to a rearrangement of macromolecules as a whole. 
Hence, with increasing degree of polymerization, and particularly in the forma- 
tion of spatial polymers, the function of irreversible deformation becomes less 
important, and basically deformation comprises the deformation which in- 
volves the reversible, oriented rearrangement of particles. 

The following discussion deals with reversible deformation, and flow will not 
be considered. When an external force acts on a substance, it undergoes deforma- 
tion of two types, ordinary elastic and highly elastic deformations, the actual 
deformation being their sum. Each deformation is governed by the correspond- 
ing modulus. For the deformation equivalent to the applied force (i.e., not 
changing with time): 

1 1 1 

D=DeietDrea= x + E.. = E ’ (1) 
where D, Deig and Dy.s, the reciprocals of the corresponding moduli, are pro- 
portional to the relative deformations (for a given tension). E,,, is the modulus 
of Jung, and represents the elastic part of the deformation; Z,,,, is the modulus 
of highly elastic deformation; E is the complete modulus. In this case, D,,,, 
is a function of the mean degree of orientation, and is represented by the static 
equilibrium between the external field and the unoriented action of the heat 
flow. The external field can be considered as the sole factor which influences 
orientation until a point is reached where the changes of reciprocal energy of 
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particles can be disregarded. For short experimental periods at low tempera- 
tures®, in which case the oriented rearrangement of the particles proceeds very 
slowly, it is found that D,.,=1/E;,¢., with E,,-, reaching 40,000 kg. per sq. cm. In 
measurements of the modulus of natural rubber at room temperature, the values 
are of the order of 20 kg. per sq. cm., i.e., 2000 times lower. It follows that 
at room temperatures the deformation of rubber is related fundamentally to 
the process of regrouping of particles, and proceeds without change of volume. 
At lower moduli, when ordinary elastic deformation constitutes a substantial 
part of the actual deformation of a sample, the change in volume should be 
considerably greater. The observed deformation of an elastic substance can 
be represented schematically as consisting of two components which differ in 
their mechanisms. Ordinary elastic deformation follows the general rules ob- 
served by various investigators with metals and other materials. Elastic de- 
formation, independent of the temperature, changes with a change in force, 
and its modulus depends but little on the temperature (corresponding to a com- 
paratively small change of density with temperature). 

Highly elastic deformation is connected with a regrouping of the particles and, 
therefore, in time it falls behind the change of force and is shifted in phase 
by a certain angle, depending on the mobility of particles. This shift in phase 
is related to the internal friction caused by interaction of neighboring particles, 
a fact which is not taken into account by the kinetic theory. The equilibrium 
values of highly elastic deformation can be calculated from known models, as 
was shown by Kuhn, Guth, Mark and other investigators. According to their 
data, D,;,, depends on the temperature, and thus affects the mean degree of 
orientation. This dependence, according to Mark, is: 

1 7RT 


Eeiw=D__ — i) aie 


where R is the gas constant, M is the molecular weight, is density and T the 
absolute temperature. However, this dependence is not very great, and the in- 
fluence of temperature on the deformation of rubbers usually observed is 
related fundamentally to the kinetics of highly elastic deformation. The proba- 
bility of transition under the action of unordered heat flow of particles from 
position A to position A’, which is effected only by surmounting the potential 
barrier U, is equal to: 
U 


W=Ce™ , (3) 


where C is a coefficient, & is the Bolazmann constant and T' is absolute temperature. 

The value U of the potential barrier depends on the chemical nature and 
density of the substance and to some extent on the temperature. In the estab- 
lishment of deforming forces, the process of regrouping becomes directed, and 
leads to a decrease in tension originating in the substance. The process of re- 
laxation of tension in a deformed substance, observed by Maxwell, represents 
a classic example of macroscopic adjustment of a material to an external force 
as a result of irreversible regrouping of particles. In the future, all processes 
whose temporary course is governed by the probability of regrouping of particles 
under the action of heat flow will be grouped’ under the general term of re- 
laxation processes. 

In this, the relaxation processes related to irreversible regrouping lower the 
tension to zero (at a given deformation), or lead to flow at a constant velocity 
(under a given force); the relaxation processes connected with the increase in 
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preferential orientation lower the tension to a final value, or lead to a change 
of form approximately its equivalent. The velocity of highly varied relaxation 


processes is proportional to the probability of regrouping of particles W, i.e., 
U 
~ er 


to the value e With increasing temperature this velocity rises rapidly. 


15 


t 


10 


10 100 10000 
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‘ Fic. 1.—The relation between the deforma- 
tion of rubber and the time of action of a 
force at different temperatures (according to 
Kobenko, Kuvshinskil and Gurevich). 


These data for the phenomena of highly elastic deformation were obtained by 
Kobeko, Kuvshinskii and Gurevich*, who showed that the integral elastic 
deformation of rubber does not depend to any great extent on the temperature 
(Figure 1). This proves that the deformation of highly elastic substances repre- 
sents a reversible relaxation process. 

As was shown above, the complete deformation of a sample equivalent to a 
given force can be expressed by the equation: 


D=DeintDres 


To describe the course of the process of elastic deformation, it is necessary to 
introduce into the equation the value D,;; in place of the final, equivalent 
value Dei.. Its dependence on time D,,;;=f(t), obtained experimentally, is 
highly complex, and depends in part on the history of the sample. Hence the 
mathematical interpretation of elastic deformation can be effected by the ap- 
plication of functionals. This procedure, however, involves the use of highly 
complicated conventional apparatus, and does not aid in the elucidation of the 
physical picture of the processes involved. As a means to a clearer description 
of the physical nature of the process, it was found helpful to make a very rough 
approximation by assuming that the relaxation process in the determination of 
highly elastic deformation by the action of a constant force follows the ex- 
ponential law. In this case the equation is: 


t 
peony nip “ ), 


where ¢ is the time from the moment of application of force to the moment of 
reading the deformation; t is the time of relaxation of the elastic substance, de- 
pending on the probability of regrouping the particles: 


ei 
kT (4) 
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The complete deformation is then expressed by the equation: 


Dit, T) =Deit+Deie haics j ) =Drest Deie 1—ete (5) 


(In this connection it should be remembered that, according to the kinetic theory, 


“6 but the change in elasticity with temperature, related to this func- 
tion, is many times smaller than the one in the exponent; hence, it is not taken 
into account in a first approximation.) This equation will be used in the 
schematic interpretation of the relation between the deformation of elastic sub- 
stances and time ¢ and temperature 7’. The graphic dependence of deformation 
on time and temperature, according to Equation 5, is shown in Figure 2. The 
nature of this dependence leads to the important practical deduction that, even 
in an approximate way, the elastic properties of a substance must contain two 
parameters, viz., the temperature and the time the force acts (or the frequency 
in the case of periodic forces). 


Deto™ 








E>h>h>h7%, 














0 Temperature 


Fig. 2.—The dependence of deformation on the time of action of a force at different temperatures 
(left-hand graph) and on the temperature at different periods of time of the action of a force (right- 
hand graph), according to Equation 5. 


Thus by proceeding from the definition of the deformation of elastic sub- 
stances as a sum of the components of ordinary elastic and highly elastic re- 
laxation, it is possible to obtain a schematic law representing the relation be- 
tween elastic forces and the time of action of these forces and the tempera- 
ture. Similar curves of the deformation by torsion were obtained by Kobeko, 
Kuvshinshii and Gurevich. The usual measurements of the relation between 
deformation by stretching and temperature are also represented qualitatively 
by this relation. A thorough investigation of the time and temperature rela- 
tions of highly elastic deformation was carried out with periodic forces. To this 
end, a laboratory apparatus was constructed, with the aid of which elasticity 
was studied within a range of temperatures of — 180° C to 200° C. In this ap- 
paratus, a sample was subjected to periodic deformation by compression, in such 
a way that the deforming force changed with time sinusoidally. The frequency 
of the changing force varied within the limits of 1 to 1000 vibrations per minute, 
while the amplitude remained constant. (The apparatus and the method of 
measurement are described in Part II by Yu. S. Lazurkin). If a specimen is 





ELASTIC PROPERTIES OF POLYMERS 891 


subjected to a periodic force, then instead of Equation 5, which expresses the 
relation between deformation and time and temperature, we obtain for the ampli- 
tude of forced vibrations: 

Dei 


iad Ee 


(6) 
where i is \/ —I, w is the frequency, and + is the time of relaxation. Equation 6 
appears to be complex, because, as previously noted, the relaxation deforma- 
tion lags in phase behind the applied tension. This lag in phase is expressed in 
elastic substances by hysteresis and evolution of heat, i.e., mechanical losses dur- 
ing deformation, known as the irreversible Joule effect. The relations between 
deformation and mechanical losses can be more conveniently denoted by 
separating deformation D in Equation 6 into its qualitative D’ and apparent D” 
components: 
D=D’-iD”, 


Dere 


where D’=Drest Pee 


and 7Pr= Deie¥" 
1+w?t? ° 








To show the deformation visually, the vector diagram is shown in Figure 3. 
Kuvshinski used this type of diagram in describing analogous processes of di- 
electric polarization and losses. In this diagram the segment D,, denotes elastic 
deformation and D,,,, complete elastic deformation. The observed deforma- 
tion is shown by segment D. Each point on the periphery corresponds to a defi- 
nite value of the product wt. At wt—>0 (low frequency or high temperature) 


D=DeiatDres 


At wt—,, (high frequency or low temperature) D=D,,,. In the intermediate 
values of wt, the observed deformation is complex, but its absolute magnitude 
can be calculated by the equation: 


|D| = VD? +D”. 


The angle 8 indicates the shift of phases between the tension vector coinciding 
in direction with vectors D,,., and D,;,., and vector D. Equations 7 and 8 make 
it possible to determine clearly the relation between |D| and the temperature 
and frequency. The relation between |D| and the temperature at various fre- 
quencies is shown in Figure 4. Figure 5 shows measurements of the deformation 
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of natural rubber, with 3 per cent sulfur, subjected to a periodic force. (In this 
and the following graphs, the doubled amplitude of deformation is projected 
on the ordinate axis. The doubled amplitude of force was equal to 2.7 kg. Mea- 
surements of cylindrical specimens are given at the bottom of the corresponding 
graphs). The graphs show that the central character of the relation conforms 
to the scheme described. From Figure 5 it can be seen that a substance, elastic 
at vibrations of low frequency, becomes as hard as glass at vibrations of higher 
frequency at the same temperatures. With higher values of w highly elastic 
deformation has no time to develop, and the deformation is governed substan- 
tially by the ordinary elastic component.’ The same is obtained with higher t 
values, 7.e., at lower temperatures. This ordinary elastic deformation is lower 
than the highly elastic deformation by, say, 2000 times, and cannot be shown 
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Fic. 4.—The relation between deformation and Fia. 5.—The relation between the deformation 
temperature, obtained by equations 7 and 8. Param- of natural rubber with 3% sulfur and the tem- 
eter—frequency. perature. Parameter—frequency and vibrations 

per minute. Height of specimens 2.4 mm. and 
diameter 12 mm. 


in our graphs. Therefore, with decreasing temperature the curves become closer 
to the axis of abscissas. 

With low rt values or at low frequencies, as follows from the foregoing, the 
deformation is governed by D,;,,. Figures 6, 7 and 8 give the results of analogous 
measurements of other polymers, viz., chloroprene polymerized at room tempera- 
ture and then heated 4 hours more at 145° C (Figure 6); methylmethacrylate 
resin with various percentages of plasticizer (Figure 7), and semivulcanized 
ebonite (Figure 8). In the case of ebonite, vulcanization continues at elevated 
temperatures, and this leads to decreased deformation. In all cases, the same 
general relation holds true. Dependence on the frequency, as evident in the 
upper part of the curves, and the corresponding losses (cf., e.g., Figure 10, the 
losses in rubber) is not predictable by our scheme and is related to the dif- 
ference between the real form of the curve and the exponent. Methylmeth- 
acrylate resin, hard at room temperature, behaves at higher temperature quite 
like rubber. Their complete moduli are closely related in magnitude. Styrene 
polymers behave similarly. Introduction of a plasticizer decreases the complete 
modulus and increases the speed of deformation at a given temperature. Com- 
bined sulfur in rubber tends to increase the modulus and the time of relaxa- 
tion, 7.e., shifts the curves to higher temperatures. The polymers under investi- 
gation differ considerably in their structure and properties. Among them are 
spatial polymers with different numbers of transverse bonds and linear polymers, 
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with and without plasticizers. It follows that in most cases the dependence of 
the deformation of highly elastic substances on temperature and frequency is 
governed by the relation between the time of relaxation and the time during 
which the force acts, #.e., it does not show any structure changes. In all cases, 
there is no definite temperature, or even temperature intervals, of transition 
from the elastic to the rigid state, and the entire range of cases observed showed 
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Fie. 6.—The same as in Fig- Fie. 7.—The same as in Figure 5, but for methyl methacrylate 
ure 5 but for chloroprene polymer: (a) with 80% plasticizer; (b) with 10% plasticizer ; 
polymer. Height of specimen (c) without the plasticizer. Height of specimen 4.5 mm. ; 
5.5 mm.; diameter 12 mm. diameter 18 mm. 





sn‘ 
So 


--— 
Via 


“al 





~ 
Sy 





~ 
S 


fy 
Uf 
By 


0 
2 0 40 «60 «660 §=600 
. Temperature °C 





> 
Nn 


c 
° 
: 
6 
£ 
= 
© 
a 
s 
a 
) 
> 
_ 
“ 
e 
a 


























Fig. 8.—The same as in Figure 5, but for 
semivulcanized ebonite. Height of specimen 4.6 
mm. ; diameter 12 mm. 


that the transition temperature is a function, not only of the nature of the 
substance, but also of the method of measurement (frequency or time of action). 
This is a general rule for all amorphous substances, and it must be taken into 
account in the production of articles from plastic and elastic materials. This 
observation applies in particular to the great number of rubber articles which 
are subjected to dynamic forces in service, e.g., automobile tires, conveyor and 
transmission belts, shock absorbing devices, etc. 

An increase in the frequency of the applied force has the same effect as a 
decrease in temperature. Within certain limits an increase in frequency in- 
fluences comparatively little the behavior of an elastic substance, as has been 
shown by several investigators?°-?5, However, when 1/w and t become nearly 
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the same, the behavior of a substance differs sharply. For example, at room 
temperature a change in frequency from 1 to 1000 vibrations per minute results 
in a 10 per cent change in the modulus of natural, unloaded rubber, whereas 
at —40° C under similar conditions the modulus is changed 10-fold (Figure 5). 
Obviously the use of rubber within these temperatures and frequencies is very 
limited. In the case of rubbers containing considerable sulfur or containing fillers 
which decrease the velocity of relaxation, the increase in frequency even at room 
temperature leads to a considerable increase in modulus’® 78. The foregoing 
characteristics are true for the small deformations of compression in our ex- 
periments, and for those of torsion studied by Kobenko, Kuvshinskii and Gure- 





% 


2 
= 


- 
Ss 








So 
Ss 


GE 
ile 


8 








Relative Deformation 
Relative Deformation 


es 


Ks 























0 
0 0G «6200 «= 300 40S «500 «00S 700 wo @ &@. 0 BF 
Time in Sec Temperature °C 


5 Fic. 9.—The dependence of stretch deformation of rubber with 3 per cent sulfur on the 
time of the applied force at different temperatures (left-hand diagram) and on the tem- 
perature at different durations of the application of force (right-hand diagram). 


vich®. In the laboratory of the Institute a series of experiments was carried 
out by P. G. Stepanov, in which rubber was stretched to 100 per cent of 
elongation. Readings were taken from the moment of the application of force 
to the moment of observed deformation at various temperatures. The results 
are given in Figure 9. The same relation was observed by Morey for synthetic 
rubbers. Hetenyi’? showed analogous relations in the bending of bakelite at 
elevated temperatures. Accordingly the proposed scheme is in full agreement 
with the experimental results. The scheme shows a gerieral relation for the me- 
chanical losses in deformation of highly elastic substances. In the foregoing the 
angle of phase shift between the force and deformation was designated by 38. 
This angle can be measured directly, and its magnitude can be expressed, 
with the aid of Equations 7 and 8, by the relation: 


id 
D Detw®™ 


ni= Fy = bAite™)* Dua 





(9) 
This magnitude passes through its maximum at 


Dera 
wT= - +1 10) 
Dre 
In the vector diagram (Figure 3) the maximum loss angle corresponds to the 
point when the vector D is tangent to the periphery (the vector is indicated 
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by dots). The diagram shows that under these conditions the observed deforma- 
tion constitutes only a small part of the complete deformation, and the loss angle 
is approximately 90° (because D,; for rubber is small in comparison with D,i.). 
In fact the maximum of angle of mechanical losses in rubber was observed for 
the first time by E. V. Kuvshinskii (work not published). The maximum me- 
chanical losses of rubber and ebonite were determined by Mikhailov and Kirilina?? 
and Kornfel’d and Poznyak?*. By means of a Kornfel’d vibrator, the present 
authors measured the mechanical losses of natural rubber containing 3 per cent 
of sulfur. 

The graphs in Figure 10 show that the maximum angle of mechanical losses 
is very high, and that it is reached at low deformation values. The mechanical 
losses for other polymers also passed through maxima at definite temperature, 
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Fig. 10.—Deformation of rub- Fic. 11.—Relation between the time of relaxation of various 
ber containing 8% sulfur and the - polymers and the temperature. 
angle of mechanical losses at a . Natural rubber with 3% sulfur. 
frequency of 2000 vibrations per . Chloroprene. 
3. Semivulcanized ebonite. 
Deformation . Methyl methacrylate with 30% plasticizer. 
ecees aun 5. Methyl methacrylate with 10% plasticizer. 
Methyl methacrylate without plasticizer. 


as could be expected from the scheme. If the experimental curves in Figures 
5, 6, 7 and 8 are described precisely by the equations given, then they can be 
used conveniently for determining the time of relaxation t at different tempera- 


tures on the following basis: wr=V3, 


Deia 


[p|= —2 


(11) 
(disregarding D,..). 


However, since the proposed scheme gives only the general relation and not 
its details, it follows that t, determined according to this condition from the 
experimental curves, has only a limited, conditional meaning. Nevertheless, 
knowing its value at different temperatures, it is possible to judge the behavior 
of polymeric substances under different temperature-frequency conditions. The 


relation: log t=f (+) for the polymers investigated is given in Figure 11. The 


graphs show that, within a small temperature interval, straight lines in these 
coordinates are obtained, i.e., the exponential law is followed: 
U 


t=Ae * . 
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Unfortunately the energy of activation cannot be determined precisely from 
the slopes of straight lines, because wider temperature intervals as well as 
simple amorphous substances give curves, i.e., U depends on the temperature. 
In this case, as can be readily seen, the tangent coefficient is not equal to the 

: U : : ; 
magnitude " log e (when the ordinates are logarithm scales, as is done here). 
These straight lines make it possible to determine, for a given frequency of force, 
the particular temperature at which the elastic deformation constitutes one-half 


of the complete deformation. To this end, = v8 is calculated, and the corre- 


sponding abscissa in Figure 11 gives the temperature. Every dot on the plane 
of this graph corresponds to a definite temperature and frequency of force. 
The dots on the right and at the top of the straight line correspond to the 
condition when the observed deformation of a given polymer exceeds one-half 
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the complete deformation and, with increasing deviation of the point from the 
straight line, tends toward the value of the ordinary elastic deformation. 

This discussion does not in the least cover all possible conclusions from the 
concepts presented here. In the scheme itself, no account is taken of the fac- 
tors complicating the process, such as flow, the effect of fillers and the influence 
of the magnitude of the deformation. It should be noted that a decrease in the 
observed elastic deformation may be related not only to the gradual decrease 
in the probability of regrouping of particles at lower temperatures, but also to 
the discontinuation of regrouping because of crystallization. The problems re- 
lated to crystallization processes in polymers have been widely investigated. 
The present discussion is confined to the presentation of the results of mea- 
surements of the dynamic treatment of spatial polymers, obtained by polymeriza- 
tion of chloroprene at room temperature, for a considerable length of time. 

In Figure 12 two groups of graphs for this material are shown. The lower 
curves differ sharply from the usual behavior of the polymer. The specimen, 
which after a prolonged period of rest at room temperature forms centers of 
crystallization, becomes quickly crystallized when exposed to low temperatures; 
this leads to a rapid rise in modulus (without any evidence of dependence on 
frequency), to the appearance of turbidity, and to an increase in density. Tests 
showed that under these conditions the modulus can rise by several tens of 
times. At still lower temperatures the phenomena become dependent to a con- 
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siderable extent on the frequency, at the expense of the residual amorphous 
phase. When heated at room temperature this specimen showed a deformation 
which was considerably lower than the original values (dots surrounded by 
circles), i.e., the crystalline phase formed failed to melt at room tempertaure. 
Heating at 60° C for 15 minutes caused complete recovery of the elastic proper- 
ties. The top curves were plotted from the heated specimens; the interval of 
temperatures within which the maximum velocity of crystallization was mea- 
sured was passed rapidly. The resulting picture shows a typical appearance 
characteristic of other polymeric amorphous materials. The object is to illus- 
trate the relation between loss of elasticity and change of structure. As can be 
seen in Figure 12, the relations are widely different from those observed pre- 
viously. These phenomena are very evident in natural rubber and chloroprene 
resins. In vulcanizates this second case is rarely observed at small deformations, 
but at high deformations by stretching (300 per cent and higher) it plays an 
important part. The relaxation phenomena of highly elastic deformation are 
similar to those of other oriented processes, because of the unity of the 
physical nature of these processes. Thus the polarization of dipolar amorphous 
dielectric substances in an electric field is qualitatively well explained by the 
Debye theory, which can be utilized to explain the nature of highly elastic 
deformations (except for a consideration of the internal field). Evidently, the 
phenomena of double refraction in the deformation of polymers and a number 
of other processes accompanying orientation can be described in the same way, 
but without limitation by small fields. 

The kinetic theory of the nature of forces involved in highly elastic deforma- 
tion, described in the beginning of the present article, explains, by a simple 
mechanism, the nature of highly elastic deformation. However, because investiga- 
tors!:? have not taken into account the forces of interaction between particles 
(they considered the ideal case), it has been impossible to deal with the actual 
character of the dependence of deformation on the temperature and the dura- 
tion of the forces. The relaxation involved in the orientation and disorientation 
of highly elastic substances enabled Frankel?* to develop the Mark theory 
with the aid of the concept of kinetics of the process by introducing the dif- 
fusion nature of the orientation process. Later Kuhn?’ pointed out the necessity 
of considering relaxation in the study of high elasticity. The material in the 
present work confirms the soundness of this view, and shows the resulting re- 
lations, which are highly important in the technique of elastic materials. 


CONCLUSIONS 


1. The proposed explanation of relaxation makes it possible to understand 
the general law of the dependence of deformation of highly elastic substances on 
temperature and frequency (time of action). 

2. The results of measurements of various substances conform in a qualitative 
way to the scheme proposed. 

3. With respect to mechanical losses, it is shown that application of the 
simple concept of relaxation makes it possible in many cases to explain the 
physical nature of the processes involved. 

4, It is found that the relations characteristic of various relaxation processes, 
such as electrical and mechanical processes, are marked by a unity in their 
physical nature. 
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II. DYNAMIC METHOD OF STUDYING ELASTIC MATERIALS 


Yu. S. LazurkKIn 


1. INTRODUCTION 


Most articles made from elastic substances are intended for service under 
dynamic conditions. Static methods of investigation are clearly insufficient for 
determining the behavior of elastic substances under dynamic conditions and 
therefore there has for a long time been a need for dynamic tests. In recent 
years several dynamic tests have been developed, and a number of investigations 
of elastic properties under dynamic conditions have been published. The works 
of Frumkin', Roelig?, Kosten*, Naunton and Waring‘ and other investigators 
have established a series of relations in the behavior of elastic substances under 
dynamic conditions. However, the limited intervals of frequency and tem- 
perature in these experiments gave relations of peculiar character and even led 
to contradictions. Thus Naunton and Waring showed that, under dynamic con- 
ditions (at high frequencies), automobile tire casings act as solid hoops and, 
according to Roelig and Kosten, the relation between modulus and frequency, 
though still existing, is of relatively little importance. The development of a 
concept of the mechanism of highly elastic deformation, and in particular the 
disclosure of relaxation made it possible for Kornfel’d and Poznyak® and 
Mikhailov and Kirilina® to demonstrate experimentally the existence of a more 
general law relating the phenomena. However, in their experiments, the fre- 
quency in both cases changed within narrow limits, and consequently these 
investigations too do not give a general picture of the behavior of elastic ma- 
terials in relation to the frequency of deformation and temperature. The idea 
of highly elastic deformation, as well as that of relaxation, comes down to the 
fact that the magnitudes of the deformations observed depend on the relation 
between the time of action of the force and the time required for regrouping 
of the particles in the substance during the deformation. If the time of action 
of force t is shorter than the time of relaxation t characterizing the velocity 
of rearrangement of particles, then highly elastic deformation has no time to 
take place, and the specimen behaves as a solid. Under the opposite. condition, 
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highly elastic deformation does take place, and the material behaves as a typical 
highly elastic substance. At t >t and tt the magnitude of deformation de- 
pends but little on t; but when tat, the dependence becomes very great. Hence 
the method must allow changes in action of force ¢ or its frequency w within 
wide limits. Since with all plastic substances the time of t depends on the 
temperature, it is necessary also that the temperature of a specimen be regulated 
within wide limits. Aleksandrov and Gaev have constructed for our laboratory 
an apparatus which makes it possible to fulfill all these conditions. 


2. APPARATUS AND METHOD 


With this apparatus work can be performed at temperature intervals from 
— 180° C to 200° C and at frequency intervals of 2000 to 1 vibrations per 
minute under the conditions of sinusoidal periodic load. The substance to be 
tested is subjected to vibration compression deformation by a force which 
changes with a given amplitude according to the sinusoidal law. The machine 
is fitted with a reversing device, with the aid of which it is also possible to study 
the elongation. Here, however, only compression is involved. The deforma- 
tion changes according to the sinusoidal law (at sufficiently small deformations) , 
remaining behind the force in phase, with an amplitude depending for a given 
substance on the modulus, frequency and temperature. The frequency is changed 
by the aid of a reductor, by means of which the desired frequencies can be 
obtained from the same motor. A drawing of the working parts of the machine 
is shown in Figure 1 and a general view in Figure 2. 

The eccentric 1, rotating at a given number of revolutions determined by the 
measured speed of the motor and the transmitting number of the reductor 
(equal to 1, 0.1, 0.01, 0.001) through creeper 2, deforms spring 3. The spring 
through spindles 4 and 5 presses specimen 6 fitted on table 7. Spindle 4 is made 
of glass for thermal insulation of the lower part of the apparatus from its upper 
part. Table 7 with block 8 can be moved vertically by screw-nut 9 set in the 
lower orifice of tube 10. All this is contained in brass cup 11. Cup 11 and tube 10 
are screwed into flange 12, made of wood to ensure thermal insulation. The 
deformation of a sample is measured with the aid of mirror 13, fastened to a 
steel prism. The sharp ribs of the prism fit into grooves on spring plates 14 and 
15 perpendicular to the plane of drawing. Plate 14 is fastened to the lower 
part of spring 3, and vibrates with it in the vertical direction at an amplitude 
equal to the amplitude of deformation of the specimen. In doing so, mirror 13 
is turned around the axis, perpendicular to the plane of drawing, and reflects a 
beam of light on the scale set at a distance of 50 cm. In this manner the 
deformation of a sample is measured by the displacement of the light spot on 
the scale. The force is determined by the elasticity of spring 3 and the ec- 
centricity of eccentric /. 

The dependence of both force and deformation on time is shown in Figure 3. 
F, is the force of initial compression, F, is the doubled amplitude of the variable 
force, Al, is the initial deformation, and AJ, is the doubled amplitude of variable 
deformation. The initial compression can be varied from zero to a maximum 
by moving supports 1/6 down to decrease the compression or up to increase the 
compression. The vertical distance between the supports, taken as constant, 
gives the final amplitude of deformation. The specimens are cylinders 5-14 mm. 
in diameter and 1-10 mm. in height. The specimens most frequently used mea- 
sured 10-12 mm. in diameter and about 3-5 mm. in height. The temperature 





VCO ROP mw" or SB TDS VF SB DPC se DSP VK OBO ee ON SP Se DOVE RDP PVE Pw eS VORP OC eS OV eS ew POP ee YS . 





Sanetenenetee 

















KK MEET + KE ee AALEBEPEDAPETPL OEE S eee Keep 


UolZeW40j3q 


AAS 


ROA 


a 
é) 
oe) 
mJ 
(e) 
Z 
5 
ea) 
a) 
Q 
Z 
= 
a 
em 
al 
MD 
Lonel 
= 
& 
ee 
2) 
fam} 
is 
joa] 
aa) 
~ 
iam 





ELASTIC PROPERTIES OF POLYMERS 901 


of a sample in experiments below room temperature was regulated by the depth 
of immersion of cup 11 in the Dewar flask filled with liquid air. In experiments 
at elevated temperatures, control is effected by varying the current in the elec- 
tric furnace in which cup // rests. The temperature of the specimens was 
measured with thermocouple 17. The pressure of eccentric 1 on spring 3 
(Figure 1) creates the force which acts on the specimen. With an equal pressure 
of the eccentric, this force changes in close accord with the sinusoidal law, 
though differing from it in two respects. First, the movement of creeper 2 is 
not exactly sinusoidal, which becomes evident from the simple geometrical 
structure. However, as was shown by a graphic study, movement of the creeper 
at a given eccentricity differs so slightly from the sinusoidal that this small 
difference can be practically disregarded. Secondly, the elastic force of spring 3 
depends on the mutual distance of its upper and lower halves, for it is governed 
not only by the displacement of creeper 2, but also by the deformation of the 
sample in relation to the displacement of the lower half of the spring. To reduce 
the influence of this factor, the relation between the maximum displacement of 
creeper 2 and the deformation of a specimen must be sufficiently great. The 
motion of eccentric is 5 mm., and the doubled amplitude of deformation of the 
specimen does not exceed 0.25-0.30 mm. Hence the error introduced by deforma- 
tion of the specimen is less than 5-7 per cent. When the specimen no longer 
deforms (with a decrease of temperature), the amplitude of the force increases 
by not more than 5-7 per cent. The law of change of deformation was checked 
experimentally by the following procedure. A cylinder, revolving uniformly 
around the axis parallel to axis AB (Figure 1) was placed in the path of a beam 
of light, reflected by mirror 13, indicating the deformation. The beam of light 
produced markings on a photographic film covering the cylinder. The curves 
obtained in this manner proved to be very close in form to sinusoidal curves. 
At the lowest frequency (1 vibration per minute), these curves were obtained with 
the aid of a mechanical counter of seconds. The amplitude of the force was 
measured by simple loading of the spring 3 (with the screwed spindles 2, 4 and 5) 
and noting the relation between the elastic force and the bend. The experiments, 
described in the next chapter and also in the preceding article, were carried out 
at Fo=1.2 kg., F,=2.7 kg. (Figure 3). Calibration of deformations was made 
with the aid of standard plates of given thickness. The plates were inserted in 
place of specimen 6, and the measurements were made by the displacement of 
the light spot on the scale. The conversion coefficient obtained was 0.031 mm. 
deformation of the sample for each 1 cm. of the scale. The error in measuring 
the forces is 5-7 per cent; the absolute error in measuring the deformation is 
0.003 mm. The absolute deformation of samples in the elastic state (with cor- 
responding selection of their geometric dimensions) varies within the limits 
of 0.06-0.30 mm. The relative deformation varies within 0.5-20 per cent. When 
the sample has become solid,:the deformation, recorded by the apparatus, be- 
comes zero, because the device is not designed for the measurement of high 
moduli. Deformation of certain parts of the apparatus gives an additional 
motion of about 0.006 mm., which is deducted each time from the measured 
deformation. The true vibration frequency of the system lies above the upper 
limit of the applied frequencies, and when specimen 6 is replaced by a spring 
(Figure 1), the apparatus shows no relation between frequency and deforma- 
tion. By controlling the temperature of the specimen, which is measured by two 
thermocouples connected with the top and bottom surface of the sample, it 
is found that with change of temperature at a rate of 1° C in 3-4 minutes the 
change of temperature in the sample does not exceed 0.5° C. In compression 
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tests, because of friction between the specimen and the supports, an uneven 
strained state is set up’. This results in too high values of the modulus of 
elasticity, which must be taken into account in comparing data obtained in 
stretching experiments. However, this does not offer difficulties in solving the 
problem by the proposed method, viz., the investigation of the frequency, and 
temperature dependence of deformation. Since the influence of the supports in 
which the specimen is compressed depends on the dimensions of the specimen, 
only specimens of nearly equal form and size should be used in all experiments. 
It should be noted that the time interval of the action of the force can be ex- 
tended to prolonged durations by the following procedure. The eccentric is 
turned in such a way that the specimen is exposed to the action of a force from 
zero compression to a maximum. The deformation is then measured at the re- 
quired intervals of time. These measurements are repeated at different tempera- 
tures. This procedure makes possible a method of conversion from the dynamic 
to static measurements. 


3. CERTAIN PRACTICAL CONCLUSIONS 
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Fig. 4.—Relation between the deformation of 
rubber and the temperature. Parameter—fre- 
quency in vibrations per minute. The left-hand 
curve was obtained by the static method ; the time 
of action of force was 10 minutes. Cylindrical 
specimens 2.4 mm. in height and 12 mm. in 
diameter. 


Time of action Temperature of 
(or frequency) semideformation 


10 min. — 55 to — 56 

1 vibration per min — 48 to — 49 

10 vibrations per min — 40 to —4l 
100 vibrations per min — 32 to — 33 
1000 vibrations per min — 24 to — 25 


The graphs in Figure 4, obtained from natural rubber containing 3 per cent 
l, 
ly 
ture at different frequencies and the time of action of force of 10 minutes (left- 
hand curve). (Data on the measurements of other polymers are given in the 
succeeding article by Gurevich and Kobeko). On the basis of the graphic data 
and curves of other polymers, the following practical conclusions can be drawn. 


sulfur, show the relation between the relative deformation and the tempera- 
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1. At room temperature, within a given interval of frequencies, the deforma- 
tion (and consequently the modulus) of unloaded rubber depends but little 
on the frequency. A marked dependence on the frequency at room temperature 
can be expected for this material (on the basis of extrapolation) at frequencies 
of approximately 10° vibrations per minute. 

2. The position of the region of rapid rise of modulus with decreasing tempera- 
ture depends on the frequency. The temperature at which the deformation 
constitutes the semideformation at room temperature depends on the time or the 
frequency of action, as shown in the above table. When tested by the static 
method, rubber gives a semideformation at —56° C; when tested at the fre- 
quency of 100 vibrations per minute and the same temperature it gives prac- 
tically zero deformation. It follows that, for the characterization of articles 
resistant to cold and intended for service under dynamic conditions, it is im- 
practicable to make use of the static method without taking into account the 
relation between deformation and time of action. 

3. The temperature of hardening of rubber also depends on the frequency. 
Hence elastic articles, such as shock absorbers, under indefinite vibrating 
conditions at various frequencies, operate within corresponding intervals of 
temperatures as elastic substances at one frequency, whereas at another fre- 
quency at the same temperatures they act as hard, glass-like materials. Auto- 
mobile tires, subject to service at frequencies of the order of thousands of vi- 
brations per minute, show in service a lower resistance to cold than that de- 
termined by static tests. This difference may be 30-35° C. This is substantially 
true of conveyor belts, flexible sleeves, etc., which operate at low temperatures. 

4, Since the relations which have been described are true not only of rubber 
but also of other polymeric resins, it follows that they apply qualitatively to 
plastic materials. Important consequences follow from the foregoing with respect 
to the thermal resistance of plastic materials (softening temperature). This tem- 
perature, like the temperature of freezing of rubber, depends on the time the 
force acts. 

5. The results described are true not only of static and dynamic forces but 
also of impulse and impact forces. Measurements of various elastic materials 
make it possible to form a diagram of their behavior for different temperature- 
frequency conditions. To this end, records are taken of the relation between 
temperature and deformation for several durations of action, and of the tem- 
perature at which the half-deformation for each time of action is observed (i.e., 
the deformation, constituting one-half of the final deformation, toward which 
the observed deformation approaches at sufficiently high temperatures). On 
this basis, the relation between the temperature of half-deformation and the 
time of action is constructed. If the reverse absolute temperature is plotted as 
abscissa and the logarithm of the time of action as ordinate, a straight line is 
obtained, as shown in Figure 5. 

If; under periodic conditions, 1/w is the time of action (w-round frequency) 
and under static conditions for the time of action of force, then, as shown by 
tests, the points in both cases lie on a straight line. (From the scheme given 
in the preceding article in this series, one should rather take for the corresponding 


V3 


durations of action ‘the magnitude wg or the time of action of force, multiplied 


Ve 


by A geen (cf. Equations 5 and 11). Since, however, this scheme has only 
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qualitative significance, our method can be used as more convenient and prac- 
tically no different). With the use of this straight line, it is possible to-pass from 
one frequency system to another. With 7, known, and the temperature of half- 
deformation at the time of action ¢, measured, it is possible to calculate the cor- 
responding temperature of half-deformation for any other time of action t,,ac- 
cording to the equation: 
10° 108 
log t, —log t=B( i >) 

According to experimental evidence, this value for rubber is B=8.2°+0.3°, if 
decimal logarithms are used on the left-hand side of the equation. By determin- 
ing the temperature by the static method at a time of-action of, e.g., 10 minutes, 
at which temperature the resulting coefficient of resistance to freezing is 0.5, it 
is possible to calculate the corresponding temperature for other durations (or 
frequencies) of actions. For a rough estimate of the effect of frequency on 


logt} 4 


8 








Fie. 5. 


natural or synthetic rubber mixtures the following rule can be used. A ten-fold 
increase of frequency increases the temperature of half-deformation (the tempera- 
ture at which the coefficient of resistance to freezing is equal to 0.5) by 5-7° C 
at slow deformations (of the order of seconds and minutes), and by 7-9° C 
at higher deformations (tenths and thousandths of one second). 
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III. TECHNIQUE OF MECHANICAL TESTS OF VULCANIZATES 
OF RUBBER AND PLASTICS 


G. I. Gurevicu and P. P. Kosexo 
INTRODUCTION 


In a previous paper: we showed the existence of a fundamental relation in the 
elastic deformation of rubber mixtures and ebonite, as representatives of the 
class of highly polymeric substances. The basic features of that investigation are 
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as follows. For amorphous materials in general, the deformation of a loaded 
specimen consists of three components. 

(1) A reversible initial deformation?, which appears and disappears with 
the removal of the load, practically instantaneously. This common “visible” 
deformation, which is characteristic of solid materials in general, depends but 
little on the temperature. 

(2) A reversible highly elastic deformation, which increases with time to a 
certain limit (practically equal, at a given load, at all temperatures), viz., com- 
plete elastic deformation. The time within which this limit is attained depends 
greatly on the temperature, i.e., it decreases with increase in temperature, and 
vice versa. 

(3) Plastic deformation, i.e., irreversible flow of a substance under the action 
of a load. 

With simple amorphous materials (monomeric and low polymerized sub- 
stances), the viscosity drops rapidly when the material is heated, and the in- 
crease in the velocity of deformation under the action of a static load with in- 
creasing temperature takes place chiefly at the expense of an increased rate of 
irreversible flow in the substance. In contrast to this, with highly polymeric 
substances (including vulcanizates of rubber), the viscosity on reaching the 
temperatures at which the velocity of highly elastic deformation begins to in- 
crease rapidly remains very high, and the velocity of irreversible flow is, from a 
practical point of view, insignificantly low up to temperatures when the maxi- 
mum rate of complete elastic deformation is reached. With polymeric sub- 
stances, this complete deformation is very high, e.g., for rubber stretched close 
to the limit of 1000 per cent of the original length; for polystyrene, about the 
same order; for polymerized vinyl acetate the reversible, highly elastic deforma- 
tion can reach above 2000 per cent elongation. In the same communication the 
importance of the dependence of the velocity of increasing highly elastic deforma- 
tion on the temperature was pointed out. To make this clear, we reproduce the 
graphs of the relations between the specific deformation of rubber and ebonite 
and the temperatures. 

The same final deformation is reached at low as at high temperatures, but 
the lower the temperature the longer the time required for obtaining com- 
plete elastic deformation (the velocity of formation of complete elastic deforma- 
tion increases with increasing temperature, in a rough approximation, according 
to the exponential law). In practice, measurements of the deformation at certain 
lengths of time give the total deformation, 1.e., the initial deformation (which 
is practically instantaneous) plus the highly elastic deformation during the ob- 
served length of time. The characteristic elastic properties of a polymeric sub- 
stance can be shown by plotting the deformations for equal periods of time 
as a function of the temperature. Figure 2 shows on the same scale such curves 
for ebonite and rubber, constructed on the basis of graphs in Figure la and 
Figure 1b, for periods of time of 5 and 100 seconds (at the points of inter- 
section of straight lines perpendicular to the axis of time with the curves of 
corresponding temperatures). It can be seen (Figure 2) that, with increase 
in the measured interval of time, the curves are shifted in the direction of lower 
temperatures, and vice versa. In Figure 2 the deformations are indicated by 
small circles, with the corresponding apparent moduli of displacement at the 
same temperature 5 and 100 seconds after application of the load. (By the ap- 
parent modulus, in distinction to the full modulus, is meant that magnitude which 
is inverse, not to the complete deformation, but to that part of the latter at 
the time of measurement). With longer and shorter intervals of time, the result- 
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ing apparent moduli will be correspondingly higher and lower. In limiting 
cases the initial and complete modulus is obtained. With change in temperature 
at a given time of measurement, the apparent modulus, as shown in Figure 2, 
also passes through all values from initial to complete. It follows that disregard 
of the initial deformation may lead to contradictory results in the determina- 
tion of moduli, even with the same specimens of rubber or ebonite. This applies 
in varying degrees to other parameters used in characterizing the mechanical 


1900 
logt (seconds) logt (seconds) 


Fic. la.—Relation between deformation Fie. 1b.—Relation between deformation 
and time at different temperatures (for and time at different temperatures (for 
rubber). ebonite). The scale is 10 times greater 

than that in Figure 1a. 
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properties of highly polymeric materials by different methods. All forms of 
mechanical testing or investigations deal, in the last analysis, with the deforma- 
tion of the substance examined by a definite method and under definite condi- 
tions; hence a lack of correct understanding of the laws governing this deforma- 
tion cannot fail to give faulty results. Examples of such errors are described 
below. In conventional methods of testing, the time relation of deformation is 
indirectly affected by the requirement of standardized procedures of operation‘. 
However, when not based on a correct understanding of the processes of deforma- 
tion, this standardization frequently leads to a situation where the experimental 
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results, obtained under conditions other than those specified, lose their sig- 
nificance and cannot be extrapolated to a general characteristic of the substance. 
Setting a definite interval of time of observation with an arbitrary standardiza- 
tion of experimental conditions results in an arbitrary division of the ‘deforma- 
tion into two parts, viz., highly elastic deformation, fixed at the time of reading, 
is considered, without taking into account its specific behavior, as an instan- 
taneous deformation; the residual part is either considered as viscous flow, 
which gives entirely arbitrary values of apparent viscosity, depending on the 
interval of time of measured deformation, or, what is equally arbitrary, the 
value is regarded as elastic after-effect. The inadequacy of conventional methods 
has been noted by many investigators®. However, attempts to improve these 
methods which are not based on the true law of deformation of highly elastic 
materials lead only to empirical characteristics of a given substance. As a 
matter of fact, experimental facts which appear to express specific individual 
properties of a substance often prove to be simply the result of a general law 
prevailing under the existing conditions, as is shown in Figure 1. In other words, 
these apparently specific individual properties can be frequently explained 
simply by the position and direction of curves of the type shown in Figure 2 
within the corresponding temperature interval at intervals of measured time 
corresponding to service conditions. In any event, a knowledge of these 
characteristics is necessary in any investigation of the mechanical properties of 
polymeric substances. For a complete characterization of the elastic properties 
of a polymeric substance, it would be necessary to plot curves of the time relation 
of the final deformation at various temperatures (Figure 1). In actual prac- 
tice it is possible to limit the procedure to several curves of the type in Figure 2, 
or at different intervals of measured time (with static load), or at different 
frequencies of the acting force (in accord with the conditions of dynamic tests). 
The latter method was developed by Aleksandrov, Gaev and Lazurkin® and 
Lazurkin’?. The results of investigations can be found in the two papers. For 
elucidation only of the general law of changes in the elastic properties of a 
polymeric material by the action of certain factors, e.g., vulcanization, the pro- 
cedure can be confined to plotting curves of the temperature-deformation relation 
during unit time. In this communication, as well as in the earlier one, five seconds 
was chosen as the time. This makes possible a direct comparison of the results 
obtained and a rapid measurement by visual observation. 


1 


Measurements were made to determine the effect of time of vulcanization 
on the complete and initial deformations of a rubber vulcanizate and to estab- 
lish the relation between temperature and deformation of ebonite specimens of 
various degrees of vulcanization. To this end, synthetic butadiene-rubber of 
various degrees of plasticity was mixed with 40 per cent of sulfur, but without 
any fillers. Different degrees of vulcanization were obtained by changing the 
time of vulcanization*. The method and apparatus described in the preceding 
article in the series were used; measurements were made of the static deforma- 
tion by torsion, which at all the temperatures of investigation was fully re- 
versible. The specific deformation®, inverse to the apparent modulus of shift, 
was then calculated. The results, given in Figure 3, show that the initial de- 
formation of all the vulcanizates is practically equal. 

The initial moduli of displacement, corresponding to these deformations, are 
very close in magnitude for all the specimens studied (15,000-20,000 kg. per sq. 


8 
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em.). The complete deformation, however, decreases with increase in the time 
of vulcanization, 7.e., with increasing proportion of combined sulfur. Moreover, 
with increasing time of vulcanization the points of bending are shifted toward 
higher temperatures. The most probable explanation of this action of vulcani- 
zation is as follows. The velocity of reversible deformation of a polymeric sub- 
stance is the velocity with which the macromolecules of a polymer can change 
their form, viz., straighten out. The velocity of this straightening of the molecule 
under given conditions (load, temperature, etc.) is determined by its structural 
properties (mobility of its separate members, according to the kinetic theory), 
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Fic. 3.—Temperature relation of deforma- 
tion of 5 seconds of specimens of ebonité 
of different degrees of vulcanization. The 
denominator of the fractions indicates the 
plasticity ; the numerator the time of vul- 
canization in min. Total sulfur 40 per cent. 








and also by the conditions of its interaction with the neighboring molecules. With 
increase in size of the macromolecule, e.g., with increasing polymerization, the 
number of its bonds (Van der Waals forces) with surrounding molecules in- 
creases and, all other conditions being equal, the process of forced and reversible 
change of its form is impeded. With increasing size of a macromolecule, its 
transposition as a whole is also impeded, and the latter results in an increase in 
viscosity. To retain the same velocity of deformation under constant condi- 
tions of action with increasing macromolecules and increasing velocity of de- 
formation of the entire polymer, a great energy of thermal movement, i.e., a 
great supply of heat, is required to overcome the increasing impeding forces. 
This determines the shift of the regions of bends of the deformation curves 
toward higher temperatures as a result of increasing degrees of polymeriza- 
tion. The chemical combination of sulfur with rubber during vulcanization can 
be regarded as a certain type of increased degree of polymerization: sulfur can 
link macromolecules of polybutadiene by residual double bonds into a macro- 
molecule of greater size. The displacement of the curves in Figure 3 was brought 
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about in the same way as in the case of polymerization. The resemblance be- 
tween polymerization and the action of sulfur is further confirmed by the fact 
that increase of hardness, i.e., the degree of polymerization of the original 
product, runs parallel to the increase in the percentage of combined sulfur. The 
graphs in Figure 3 show that less plastic rubbers require shorter times for vul- 
canization to give curves of the same position as more plastic rubbers with 
longer times of vulcanization. In the case of linear polymers, an increased degree 
of polymerization should, in addition to the foregoing, increase the elasticity 
of the polymers, i.e., its complete deformation (with increase in the number of 
members in the macromolecule, the final extensibility of the molecule increases). 
It follows that, if vulcanization is analogous to linear polymerization, an in- 
crease in the percentage of combined sulfur would increase the complete deforma- 
tion (decrease the complete modulus). The graphs in Figure 3 show the reverse. 

However, vulcanization is evidently a process analogous not to linear, but to 
spatial polymerization. Evidently sulfur forms bridges, displacing a part of the 


” 15. Min 


0 
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Fic. 4.—Temperature relation of deformation of 
5 seconds for specimens of butadiene rubber, vul- 
canized 15, 80 and 60 minutes. Total sulfur 8 per 
cent. 


chains of macromolecules (this supposition, as is known, is supported by many 
investigators), which connect the whole into a network structure and in this 
way decrease the final extensibility of a vulcanizate. The graphs in Figure 3 
show this effect quite clearly. The complete modulus of shift increases with 
vulcanization. With increase in the percentage of combined sulfur, the modulus 
increases toward a limiting value which is governed by the free sulfur consumed, 
which, from a practical point of view, is the end stage of vulcanization. Further 
extension of the time of vulcanization has a progressively diminishing effect. In 
Figure 3, this process is not completed, and the complete modulus for a short 
time of vulcanization (9 hours) does not reach the final value. Further vul- 
canization brings about a noticeable increase of the complete modulus. With 
small contents of total sulfur, the process is completed much quicker. The 
graphs in Figure 4 show data for one kind of butadiene rubber, containing only 
3 per cent of total sulfur, and vulcanized 15, 30 and 60 minutes. The curves 
for 30 and 60 minutes of vulcanization are very much alike; curve for 15 minutes 
is considerably higher. Thus it is possible, by measuring the complete modulus, 
to estimate the final stage of vulcanization; the plotting of curves can be used 
as a method for correlating the original plasticity of rubber with the time of 
vulcanization and thus obtaining vulcanizates with any desired elastic properties. 
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The graphs in Figures 2 and 3 show that changes in the time of vulcanization 
have practically no effect on the initial deformation. They show clearly the 
lack of significance of data obtained at room temperature in studying the high 
elastic properties of ebonite, and the necessity of orientation for complete elastic 
deformation, which characterizes the specific elastic properties of rubber :vul- 
canizates. In connection with what was said in the introduction about the 
principal shortcomings of conventional methods of investigation of the mechanical 
properties of highly polymeric materials, the following must be noted in relation 
to rubbers. For the limiting states of vulcanization, viz., ebonite and soft rubber, 
the deformations, measured within an interval of temperatures close to room 
temperature, are practically independent of the temperature and time, as can be 
seen in Figures 1 and 2. It should be noted that, whereas in the case of rubber 
at room temperature, complete elastic deformation, the most important parameter 
of its elastic properties, is measured, in the case of ebonite we deal only with a 
characteristic common to all hard materials, viz., initial “visible” deformation, 
which does not define its special mechanical properties as a highly polymeric 
substance. It follows that a comparison of data on ebonite and rubber at room 
temperature has only a very limited significance. Of greater importance is a com- 
parison of data on the deformation at room temperature of different types of 
rubber capable of complete deformation at this temperature, because in this 
case the values characterizing the specific differences of the various type of rubbers 
are measured and compared. If a specimen of rubber is measured below the 
room temperature (or a more highly vulcanized rubber at room temperature), 
then arbitrary relations between the deformations of various rubbers at the 
time of observation are obtained, which depend on the temperature and the 
measured interval of time, 2.e., depend more on the conditions of testing than 
on the specific properties of the rubbers. The characteristics of the type of : 
curves shown in Figure 3 differentiate vulcanizates by their elastic deformation 
and their position throughout the system of vulcanizates, the extreme repre- 
sentatives of which are hard ebonite and soft rubber (Figure 2). Moreover, 
the relations shown by these graphs make it possible to understand the results 
obtained with changes in experimental conditions or in the properties of a 
given substance. 


2 


As an illustration of the errors arising from a lack of knowledge of the pecu- 
liarities described above, the elastic deformation of highly polymeric substances, 
particularly of ebonite, the work of Church and Daynes?° on the plastic deforma- 
tion of ebonite can be cited. These authors carried out a systematic investiga- 
tion of ebonite and methods of testing it. They showed that “the flow of ebonite 
under the action of a load increases greatly with increasing temperature”, and 
undertook the problem of improving the method of studying this flow. In their 
experiments a specimen of ebonite in the form of a plate (placed in a water 
thermostat) was clamped at one end in a stationary holder, was twisted at the 
other end at an angle of a,=20°, and was held in this position for one minute, 
after which the specimen was released. Two minutes after release, the residual 
angle a was measured and expressed as percentage of the original angle of torsion. 

Curves of the “percentage residual deformation” of specimens vulcanized 
for different times (taking only graphs of one kind of ebonite studied) are repro- 
duced. Contrary to the findings of the authors of the work cited, these curves 
do not express plastic deformation and its dependence on temperature, because, 
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within the interval of temperatures studied, it is practically equal to zero. The 
explanation of the entire course of curves and the presence of maxima is as 
follows. 


70 100 OD 120 


Temperature °C Temperature °C 


Fic. 5.—Residual deformation of ebonite, ac- Fie. 6.—Deformation 
cording to Church and Daynes. remaining 5 seconds af- 
ter the load was re- 

moved, in percentage of 

the preliminary set 

deformation. (Prelimi- 

nary set deformation is 

formed by the same load 

during different periods 

of time, depending on 

the temperature of test.) 


Residual Deformation 


The magnitude represented in Figure 5 as residual deformation, not fully 
resolved in 2 minutes, is the reversible highly elastic deformation created by 
torsion of the sample. At the lowest temperatures, indicated by the lowest point 
on the curves, at the left-hand side, the velocity of highly elastic deformation 
is so low that the specimen during the time of twisting has no time to undergo 
any marked highly elastic deformation. All torsions at an angle of 20° are 
produced by ordinary “visible” deformation, which requires a correspondingly 
great force. Complete deformation appears and disappears practically instanta- 
neously by application and removal of the force. At higher temperatures the 
torsion of a sample at an angle of 20° requires a smaller force for the same speed 
of twisting, and the initial deformation, proportional to this force, is correspond- 
ingly smaller at the expense of the highly elastic deformation during the time 
of twisting, giving with the initial deformation the sum of the same torsion 
of 20° angle. When the torsion is released, only the initial deformation disappears 
instantaneously; the highly elastic deformation fails to relax completely in the 
two-minute period, and is defined by the authors as the residual deformation. 
With increase in temperature, an increasingly greater part of the preliminary 
torsion at an angle of 20° results from the highly elastic deformation, and a 
correspondingly smaller part from the instantaneously recovered initial deforma- 
tion. This explains the formation of an increasingly greater residual deforma- 
tion with increase in temperature (that part of the highly elastic deformation 
which failed to resolve in the two minutes). The maxima in Figure 5 are ex- 
plained by the fact that the moment is reached when the increase of part of 
the elastic deformation in the total preliminary torsion (at an angle of 20°) 
begins to be accompanied by such an increase in velocity that in the period of 
two minutes an increasingly greater part is relaxed. 

Within the temperature limits when complete elastic deformation appears 
and disappears practically instantaneously, zero residual deformation is again 
attained. A correct idea of the general laws of elastic deformation of highly 
polymeric substances makes possible a true understanding of the results ob- 
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tained by special methods, e.g., such as the method described in the work cited. 
Uncritical use of the conventional concepts led the authors of the work cited 
and a number of other investigators in this field to construct special graphs and 
empirical, special laws for each substance studied (as in the case cited for 
ebonite). Proceeding from the curve maxima in Figure 5 and the concept of 
plastic deformation of ebonite, one can form erroneous ideas of the possi- 
bilities of commercial uses of ebonite and its properties. The very character of 
the graphs obtained by such a procedure is a function of the methods of 
investigation rather than of the properties of the substance. 

Thus if the authors cited above had twisted the specimen at a constant force 
to 20°, then the time required for this torsion would have decreased with in- 
crease in temperature in approximate agreement with the exponential law (see 
Figure 1b, where the dotted curves intersect the time required for the formation 
of a given deformation at different temperatures). In an analogous way, the 
time of reversible relaxation, which is a maximum at low temperatures and de- 
creases at higher temperatures, would change. Plotting the residual deforma- 
tion 2 minutes after removal of the force would result at lower temperatures 
in the maximum residual deformation, decreasing with increase in temperature 
as in the curve of the type shown in Figure 6, a paradoxical “regularity” would in 
turn have been obtained, viz., a decrease in the residual deformation, 7.e., an 
increase in viscosity with temperature. The curve in Figure 6 was derived from 
from Figure 16 by deducting from the given deformation S (at constant force) 
its parts obtained for the first 5 seconds at the corresponding temperatures, 
and by plotting the percentage of the remaining part as a function of the 
temperature. It is evident the method of investigation, without an under- 
standing of the processes involved, cannot give correct results'!. The literature 
shows many instances of similar erroneous attempts to derive special laws | 
for a number of substances, based on attempts to force a new phenomenon jnto 
the scheme of conventional concepts of elastic and plastic deformation. As an 
example should be mentioned work on the deformation of synthetic resins??, 
which in its errors (and the appended curves with maxima) is analogous to the 
work cited above and, therefore, requires no further comments'*. With respect 
to synthetic resins and socalled plastic materials in general, a more detailed 
discussion is in order. 


3 


Especially when dealing with plastic materials, application of the laws of or- 
dinary solid materials to highly polymeric substances, to which class many 
plastics belong, proves to be erroneous. The mistaken concept of flow, which 
in reality is predominantly the process of formation of a limiting deformation, 
is clearly illustrated photographically in Figure 7. 

On the right-hand side of the photograph is shown a polystyrene bar 3, 
moulded under pressure for testing thermal stability. The usual understanding of 
processes involved in moulding is based on the idea of plastic changes of form 
by flow under pressure at a particular temperature. However, moulded speci- 
mens on heating recover to a considerable degree their original form. Specimens 
1 and 2, of the same form as specimen 3, were heated at 150° C for 20 minutes. 
Bar 1 was moulded from polystyrene polymerized in a test-tube; bar 2 was 
moulded from separate pieces of polystyrene, which on heating disintegrated 
into fragments, resembling in shape the original pieces. The results show that 
the deformation of polystyrene in this case is to a great extent reversible". 
During moulding, highly elastic deformation takes place and this is retained on 
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cooling, because at room temperature the velocity of reversible deformation 
of polystyrene is insignificantly small. The time during which one-half of the 
complete elastic deformation of polystyrene would appear or disappear at room 
temperature is of the order of hundreds of thousands of years. At tempera- 
tures higher than 100° C, the constant of time is measured in seconds, and 
polystyrene returns rapidly to the original form. With polymeric plastics, whose 
noticeable increase in elastic deformation appears at temperatures somewhat 
above the room temperature, reversible deformation may reach a magnitude 
of practical importance in a comparatively short time; this magnitude increases 
with rising temperature. This explains the appearance of constant deformation 
(buckling and shrinking) of moulded articles of various plastic materials. To 


Fie. 7.—3 is a polystyrene bar, moulded under pressure 
for tests of thermal stability. 1 and 2 are the same bars 
of polystyrene after- heating at 150° OC for 30 minutes. 


make certain the stability of such a product at a definite temperature in service, 
it is necessary to know the time constant at this temperature. This can be ob- 
tained by constructing curves of the type shown in Figure 2, with time and 
method of loading adapted to the particular problem as parameters. Ordinary 
technical tests of thermal stability and brittleness also require a critical re- 
vision, with account being taken of the true mechanism of deformation. 


Time of Thermal 
Original vulcanization stability 
plasticity (min. ) be 


0.30 240 Bends at < 20 
270 Bends at < 20 
390 Bends at 
540 Bends at 
390 Bends at 
450 Bends at 
300 Bends at << < 20 
450 Bends at 72 


(Data obtained by the Lebedev Works of Synthetic Rubber.) 


The table above shows tests, by the Martens method, of the thermal sta- 
bility of the vulcanizates used in plotting the curves in Figure 3. From these 
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data it is impossible to obtain characteristics of separate vulcanizates. The 
results suggest a division of the vulcanizates into two groups: (1) specimens 
bending strongly with the initial rise of temperature, and (2) specimens bending 
more slowly and characterized by the temperature at which bending reaches a 
conditional value. The lower regions of the incline of the curves of specimens 
of the first group, as shown in Figure 3, lie more to the left of 50° C, and for 
the second group more to the right of 50° C. In other words, vulcanizates, 
whose deformation in 5 seconds begins to increase rapidly at temperatures below 
50° C belong to the thermally unstable groups; vulcanizates, whose deforma- 
tion begins to increase rapidly above 50° C belong to the group of ebonites of 
various thermal stability. It should be noted, however, that since tests by 
the Martens method show only the initial stage of increasing deformation (the 
deformation at the very beginning of bending), the difference in the thermal 
values at which a given standard bend is reached is very small (they correspond 
roughly to the segment of initial bifurcation of the curves, lying above 50° C, 
as in Figure 3). This explains the very limited accuracy of measurements of 


12 
P 
10 


* + 


Fic. 8.—Thermal relation of 
work expended by the plunger in 
shearing and deformation of speci- 
mens of ebonite. The full reserve 
of work of plunger is taken as a 
unit. 


thermal stability of various grades of ebonite. The actual difference in their 
properties, sharply revealed by the complete deformation and the character 
of curves (Figure 3), does not agree with the data on thermal stability. In the 
most favorable cases, measurements of heat stability indicate the boundary 
between the two groups of vulcanizates with different thermal characteristics. 
Secondly, the bend of a bar is explained by the concept of flow. However, bent 
bars can easily be returned to their original state by removing the load and 
heating. Therefore measurements of thermal stability may not show any flow, 
except for substances of low molecular weights, where a sharp bend is associated 
with a decrease in the macroscopic viscosity of the specimen and indicates the 
possibility of its destruction. With ebonite, polystyrene’® and similar polymeric 
substances, the observed “flow” indicates only the velocity of complete deforma- 
tion and does not indicate an approach to destruction. Under certain condi- 
tions in general practice, where small deformation is permissible, the rejection 
of manufactured articles on the basis of the Martens test may prove unprofitable 
(ebonite products under small loads are capable of service at temperatures up 
to 140° C, if the load and corresponding complete elastic deformation do not 
exceed certain limits. 

Third, the Martens method of testing is highly arbitrary. The resulting data 
can, in general, be used in commercial practice only under certain conditions 
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where articles are bent under conditions similar to those in the Martens tests. 
But even in this case data by the Martens test may be useless, because a 
specimen, known to be thermally stable, neverthless reaches the critical point 
of bending after a long time. At 50-70° C, i.e., at temperatures below those in 
the table of heat stability of the vulcanizates investigated here, the character- 
istic bend can be effected without a further increase of temperature by holding 
for several seconds or minutes, so that practically in the initial stage of bending 
their behavior does not show any difference. It follows that the significance of 
results obtained by the Martens method is extremely limited, particularly in 
the absence of a correct understanding of the relations involved in the bending 
of the specimen. A proper interpretation of the foregoing discussion makes it 
possible not only to avoid errors in evaluating the results, but also to utilize 
more rationally the resulting data. A more radical improvement would be 
to plot curves of the type in Figure 3 (with corresponding intervals-of time 
and frequencies of application of the force, depending on the practical problem 
involved), which show the entire behavior of the specimen. It should be noted 
here that the curves in Figure 3 characterize a corresponding vulcanizate with 
such uniformity that it is possible to obtain specific curves for a given specimen. 
The corresponding methods of testing will in many cases prove to be not much 
more complicated than the Martens method. In developing the method of 
static testing, use can be made of an apparatus analogous to the Martens de- 
vice, taking the bending values at different temperatures at one interval or 
several intervals of time. (After each measurement, the specimen is unloaded 
and brought to its original form by heating). In addition to thermal stability, 
‘ brittleness!® is one of the most common parameters used in technical tests of 
ebonite. In tests of the brittleness of highly polymeric substances, as in tests 
of thermal stability, certain relations appear which are different from those 
characteristic of ordinary solid materials, and the application to them of 
conventional ideas of brittleness and elasticity is wrong. The graph in Figure 8 
shows the general relation between the temperature and the work expended in 
destroying specimens by the Sharpe apparatus for one type of ebonite from syn- 
thetic rubber. The graph represents the mean experimental values of eight 
specimens. The mean values of the data of the eight specimens were obtained 
at each temperature. Because of considerable variability in this method, 
the exact statistical value of the mean magnitude can be obtained only by 
means of a large number of observations at each temperature. However, the 
general character of the relation can be observed directly at temperatures above 
room temperature. With increasing temperature the degree of bending of the 
specimen on impact increases and the height of elevation of the plunger cor- 
respondingly decreases after crushing. The top segment of the curve shows the 
temperatures at which the specimen remains unbroken and the plunger is 
either stopped or forced back. The general relation represented by this curve 
can probably be explained in the following manner. The change in quantity of 
work is related fundamentally to the change in magnitude of the highly elastic 
deformation before destruction of the specimen. In the case of metals, the transi- 
tion to plasticity is related to a sharp increase in the quantity of work, registered 
by the Sharpe apparatus, which is chiefly expended in plastic deformation. In 
the present case, an increase of temperature increases the work expended in 
highly elastic deformation. At lower temperatures, the deformation is small. This 
deformation is followed by destruction. With increasing temperature, deforma- 
tion is accelerated, and at the corresponding speed of bending of the specimen, 
the entire energy of the plunger is expended in overcoming the elastic drag, 
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whereby the specimen bends, without destruction, and returns together with 
the plunger. Figure 8 shows that, even if the entire work at room temperature 
is assumed to be expended on destruction of the brittle specimen (which is er- 
roneous), the work of reversible deformation with increasing temperature may 
become predominant. The relation between deformation and destruction re- 
quires special investigation. Here it should be noted only that the extremely 
sharp ascent of the curve, characterizing the transition from the state of brittle- 
ness at room temperature to the state at which ebonite does not break (at 80° C 
under the conditions in this investigation), but is reversibly bent on impact, 
lies within the interval of working temperatures of ebonite. A drastic change in 
the extent of bending with a slight change of temperature cannot be without 
an effect on the utility of ebonite, e.g., in mechanical service. Even if the 
qualitative values of the “work of destruction” at room temperature proves to 
be useful, e.g., in the sorting of products'’, the relation between industrial 
properties and impact effects can be learned only from the deformations under 
controlled conditions, depending on the temperature, with due regard for the 
general law of elastic deformation. This method, which is analogous to the 
procedure of Aleksandrov and Lazurkin, is well adapted to a number of cases 
involving simple conditions, e.g., measuring bending at impact load in relation 
to temperature and velocity of action, with regard to the relations defined here. 
The method makes it possible to evaluate various types of products and their 
utility under specified service conditions. 


CONCLUSIONS 


1. From the point of view of mechanical properties, the special attributes of 
highly polymeric substances, including rubber vulcanizates, are clearly defined 
by their reversible highly elastic deformation as a function of time. The time 
required for attaining this deformation within a given interval of time varies 
practically from zero to infinity. 

2. Disregard of the temperature and time relation of deformation of highly 
polymeric substances leads to erroneous conclusions regarding their industrial 
working properties, and is the cause of the unsatisfactory results obtained by 
conventional methods of investigation. 

3. The effect of increased degree of vulcanization on the mechanical proper- 
ties of rubber is manifest in a decrease in complete elastic deformation and shift 
of the temperature-apparent modulus (inverse to the deformation in a given 
time) curve toward higher temperatures. 

4. Conventional ideas of the plastic (irreversible) and elastic deformation of 
solid materials, when applied to highly polymeric substances without concern 
for the laws governing their deformation, lead to erroneous conclusions regarding 
the existence of specific properties of individual substances, e.g., ebonite and 
synthetic resins, and mistaken hypotheses regarding structural changes during 
their deformation. In the present communication, this is illustrated by studies 
of various investigators’® 1? 18, 

5. Conventional methods of studying thermal stability and brittleness, as 
well as other methods of testing, of highly polymeric substances frequently do 
not make it possible to evaluate the actual technical utility of materials within 
intervals of temperature encountered in service and they should be critically reéx- 
amined with regard to the relations between deformation and reversibility, time 
and temperature. 
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6. In moulding highly polymeric plastics under pressure, it is necessary to 
consider the highly important, and in some cases predominant, part played by 
highly elastic reversible deformation of the total deformation, which is capable 
of becoming very pronounced with time and with increase in temperature. 
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VULCANIZATION OF RUBBER 
COMPOUNDS 


E. W. Boots and D. J. BEAVER 


MoNnsANTO CHEMICAL CoMPANY, NITRO, W. Va. 


EFFECT OF HYDROGEN SULFIDE ON THE RATE OF 
VULCANIZATION * 


Many articles in the literature give theories of the vulcanization of rubber; 
some have. claimed that the formation of hydrogen sulfide during the cure is 
essential, others have denied the formation of any hydrogen sulfide during soft 
rubber vulcanization. In 1923 Bedford and Gray? presented a summary of 
previous theories and stated that hydrogen sulfide is liberated during vulcaniza- 
tion; it then reacts with zinc oxide present to form zinc sulfide. They further 
state that the accelerating actions of zinc dithiocarbamates are retarded by 
hydrogen sulfide. In 1936 Fisher and Schubert* stated that their data “appear 
to show that in the formation of hard rubber, when the amount of sulfur mixed 
with the rubber is approximately the theoretical (32.02 per cent) it adds to the 
rubber hydrocarbon until saturation is complete; very little, if any, substitution 
takes place”. If, then, saturation with sulfur must be complete before substitu- 
tion can take place, little or no hydrogen sulfide can be formed during soft 
rubber vulcanization. In 1939 Fisher? proposed a new theory of vulcanization,. 
the basis of which is that hydrogen sulfide adds to the double bond of rubber to 
form a mercaptan. 

Should this theory represent the actual mechanism of the vulcanization 
process, then the addition of hydrogen sulfide to a compounded stock should 
increase the rate of vulcanization and possibly produce an improved vulcanizate. 
Therefore, the tests which form the basis for this paper were carried out to 
determine the effect of hydrogen sulfide on the rate of vulcanization of accelerated 
rubber compounds. 

The rubber compounds used in these tests were milled, vulcanized, and tested 
according to the specified procedure given by the A. S. T. M.1 The uncured com- 
pounds were divided into two portions, and from each portion sheets were pre- 
pared (4.5x16.5x0.25 cm.). Half of the sheets were placed on shelves of 
l-cm. wire screen in a closed drum, and hydrogen sulfide was passed through. 
In most cases the time of treatment was 15 hours at room temperature (25° C), 
which was sufficient to saturate the rubber compounds. Also tests were carried out 
in which the time of treatment was varied from 2 to 72 hours and the temperature 
from 25° to 100° C. To obtain reproducible results, the treated sheets must be 
vulcanized immediately after treatment because of the rapid loss of hydrogen 
sulfide on standing. 

Table I shows the results obtained with rubber compounds containing prac- 
tically every commercial type accelerator, many of which are used in combina- 
tion with diphenylguanidine. All are retarded in rate of vulcanization by the 
hydrogen sulfide treatment. However, the physical properties of a majority of the 
compounds are not permanently affected; that is, a longer time of vulcanization 
of the treated compounds has produced maximum modulus and tensile figures 


* Reprinted from Industrial and Engineering Chemistry, Vol. 32, No. 7, pages 1006-1008, July 1940. 
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comparable with the untreated compounds. Aldehydeamines, dithiocarbamates, 
thiuram sulfides, and litharge are permanently affected; that is, the maximum 
modulus and tensile figures obtainable are markedly poorer than those of the 
untreated compounds. 

The ratio of mercaptobenzothiazole to diphenylguanidine in the last three com- 
pounds in Table I is that required to produce the diphenylguanidine salt of 
mercaptobenzothiazole. According to Bedford and Gray?, hydrogen sulfide reacts 
with benzothiazyl disulfide (and presumably with other mercaptobenzothiazole 
derivatives such as benzothiazyl thiobenzoate) to give free mercaptobenzothiazole, 
which then forms a salt with diphenylguanidine. The results obtained with the 
treated portions of these compounds show no evidence of any such reaction. In 
addition to the tests shown in the table, one sheet of these treated compounds 
containing benzothiazyl disulfide, diphenylguanidine, or benzothiazyl thiobenzoate 
was placed in a vacuum oven for 2 hours at 25° C; curing produced the same 
modulus and tensile figures as the untreated portions. This is further evidence 
that these accelerators did not react with the hydrogen sulfide. 

Table II shows the effect of varying the time and temperature of hydrogen 
sulfide treatment on the physical properties of the stock, together with variations 
in the weight of gas absorbed. The cure test results show that the retardation of 
the rate of vulcanization is least after 4-hour treatment at 25° C, is slightly 
more after 4 hours at 50° to 60° C, and is the maximum after 15 hours at 
25° C. Likewise, the percentage increase in weight of gas absorbed shows that 
more hydrogen sulfide was absorbed after 4 hours at 50° to 60° C than after 
4 hours at 25° C; but 15 hours at 25° C showed the maximum hydrogen sulfide 
absorption, which was approximately one per cent. In other words, the 
greater the absorption of hydrogen sulfide, the greater the retardation. Tests 
with rubber showed a one per cent increase in weight due to 15-hour hydrogen 
sulfide treatment at 25° C. Vulcanization in an atmosphere of hydrogen sulfide 
(1.75 kg. per sq. cm.) indicated that all accelerators were retarded permanently. 

The results in Table III prove that no appreciable amount of zinc sulfide 
is formed as a result of the hydrogen sulfide treatment, since the increase in 
weight is approximately the same for a stock containing 10 per cent zinc oxide 
as it is for pure rubber. Comparison of the B and C compounds shows that there 
is no reaction between hydrogen sulfide and sulfur; doubling the sulfur content 
has not appreciably affected the retarding action due to hydrogen sulfide, 
because the maximum modulus and tensile figures are obtained in 120 minutes 
in each case. Comparing the physical properties of the D compound after 
hydrogen sulfide treatment with the physical properties of the untreated E 
compound shows that the former still contains sufficient zinc oxide to activate the 
accelerator. This result indicates that there is little reaction between hydrogen 
sulfide and zinc oxide. 

The results in Table IV together with the three tread compounds (A, B, C) in 
Table III show that hydrogen sulfide treatment of these compounds has 
permanently retarded vulcanization, owing to the larger amount of absorbed gas, 
which is approximately 70 per cent more than for rubber. This retardation is 
not specific to any one accelerator. The vulcanized sheets of the treated com- 
pounds in each case showed porosity, and within a few hours after vulcaniza- 
tion showed a sulfur bloom. 

The data in Table V show that the rate of combination of sulfur with rubber 
is retarded by the presence of hydrogen sulfide in the compound. They also 
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show that aldehydeamine accelerators and litharge react chemically with hydro- 
gen sulfide, since in compounds containing these two materials absorption of the 
gas is greater, and part of it is retained permanently. Compounds containing 
carbon black also show a permanent absorption of part of the hydrogen sulfide. 
All compounds which indicate a permanent absorption of hydrogen sulfide (as 
shown by degassing in a vacuum) also indicate a retardation in the rate of cure 
and a permanent effect on the physical properties of the rubber compounds. 


TABLE V 


Errect oF Hyprocen SuLFipeE TREATMENT ON CHEMICAL AND PHYSICAL PROPERTIES OF 
Russer CoMPouNDs 


(H.S-treated 15 hours at 25° C) 


K 


100 
10 


| | guneteal Z 


Stearic acid 

Mercaptobenzothiazole 

Litharge 

Butyraldehydebutylideneaniline 

% free S at max. modulus 
Untreated 
Treated 

% increase in wt. (based on rubber) 
After treatment 


b1 TTT ee 


After degassing 2 hrs.at5mm.. 0.05 
Hours at room temp. to reach con- 
stant wt. 
Max. modulus, kg. per sq. cm. 
Untreated 152 
147 


CONCLUSIONS 


1. Rubber dissolves approximately one per cent of hydrogen sulfide when 
saturated at room temperature. 

2. All types of commercial accelerators are retarded in rate of vulcanization 
as a result of treatment with hydrogen sulfide, and the retardation is directly pro- 
portional to the hydrogen sulfide content. 

3. The physical properties of mercaptobenzothiazole types of accelerators and 
diphenylguanidine are not permanently affected by hydrogen sulfide, but dithio- 
carbamates, thiuram sulfides, aldehydeamines and litharge are permanently 
affected. 

4. Rubber compounds containing mercaptobenzothiazole types of accelerators 
or diphenylguanidine, which have been treated with hydrogen sulfide and then 
degassed in a vacuum oven, show normal rate of vulcanization. Compounds con- 
taining aldehydeamines, litharge or carbon black show permanent retarding, 
even after degassing. 

5. Increased zine oxide or sulfur has no appreciable effect on the retardation. 

6. Little or no zine sulfide is formed as a result of treatment with hydrogen 
sulfide. 
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7. Hydrogen sulfide treatment of rubber compounds retards the rate of 
combination of sulfur with rubber. 

8. In no case did hydrogen sulfide treatment improve the physical prop- 
erties of the vulcanizate. 
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STUDIES OF HARD RUBBER REACTIONS 
Vill 


THE CORRECTED COEFFICIENT OF VULCANIZATION, AND 
ITS UPPER LIMIT IN THE ACCELERATED RAW 
RUBBER COMPOUND * 


Se1nt1 NuMaAziri 


Dainiti Evectric WirE Company, LTD., JAPAN 


In a previous paper (J. Soc. Chem. Ind. Japan 40, 111B (1939)) it was shown 
that compounds containing up to 60 per cent of sulfur give coefficients of vul- 
canization higher than the theoretical maximum value of 47. Strictly speaking, 
however, the sulfur present in these cases can be divided into the following parts: 
sulfur soluble in acetone; (a) true elementary sulfur; (b) sulfur combined with 
organic matter; sulfur insoluble in acetone; (c) sulfur combined with rubber; 
(d) sulfur combined with resins and proteins; (e) metallic sulfide. 

In the present experiments, these five kinds of sulfur were separated as far 
as possible to determine the true or corrected coefficient of vulcanization, and 
its upper limit. 


EXPERIMENTAL 


The preparation of samples, etc., was carried out in a similar way as before — 
(cf. Part I), except that the compounds containing 50 to 150 per cent sulfur 
on the rubber were as follow: 


Raw rubber 100, zinc oxide 10, stearic acid 1, diphenylguanidine 2, 
sulfur 50 to 150 (50, 60, 70, 80, 90, 100, 150). 
5 to 300 minutes at 141° C. 


The analytical procedure for the separation of true elementary sulfur 
from combined sulfur in the acetone extract and also for the determination of 
the acetone-insoluble sulfur, such as that combined with rubber resins, proteins 
or metallic zinc, was based on the method of Kelly (Ind. Eng. Chem., 12, 875 
(1920)) which was somewhat modified by the author. 

The sulfur combining with rubber was determined on the residual sample which 
had been extracted successively with acetone, alcoholic potash and ether-hydro- 
chloric acid, as described in the above method, and the total percentage of 
combined sulfur was calculated for the original sample. 

In an original sample, the percentage of pure rubber hydrocarbon which was 
necessary for determining the true coefficient of vulcanization was assumed to 
be 93.84 from the analytical data of the standard smoked sheet: acetone ex- 
tract 3.2%, ash 0.23%, moisture 0.28% and protein 2.44% (i.e., nitrogen 0.39% 
by Kjeldahl method). 

If a considerable amount of hydrogen sulfide were evolved, and the amount 
of total sulfur were changed in the course of vulcanization, the values for the 
total sulfur content in the final products would not be identical with those of 
the mixes found before vulcanization. The corrected coefficient of vulcanization 


* Reprinted from the Journal of the Society of Chemical Industry, Japan, Vol. 48, No. 8, Supple- 
mental binding, pages 92-94B, March 1940. 
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was therefore calculated from the data of the real total sulfur loss, of which 
yg was due to hydrogen in hydrogen sulfide, as shown in the following example: 


Compound 
after 300 
minutes’ 
Compound Losses after 300 minutes’ cure cure 
-= = 


% “Parts % 
51.45 4.67 * 1/16 = 0.29 51.52 54.21 
(calculated) 
41.45 4.67(found) 36.78 38.70 
6.74 0 6.74 7.09 
193 100.00 4.96 95.04 100.00 
Coefficient of vulcanization 


25.96 100 
54.21 < 0.9384 





c 


= 51.03 


SUMMARY OF RESULTS 


(1) As shown in Figures 1 and 2, the curves for acetone-soluble organic 
sulfide sulfur show rises and descents which may be attributed to polymerization 
or to depolymerization, due to some special sulfur compound formed during 
vulcanization. The second highest points in the curves, however, seem to bear 
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Minutes of cure at 141° C 
Fie. 1. 


no relation to the time of the exothermic hard-rubber reaction of 90 minutes 
except for the mix containing 80% of sulfur. Generally, the formation of organic 
sulfide sulfur tends to increase with the increase in sulfur content of the original 
mix, and its marked change seems to be independent of each ingredient except 
sulfur, namely, accelerator, stearic acid, rubber resins, etc. 
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(2) It is evident from Figures 3 and 4 that for all compounds the time of the 
maximum production of sulfur in the alcoholic potash extract after acetone ex- 


150%~8 . 


Organically combined sulfur (%) 


Minutes of cure at 141° C 
Fia. 2. 
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Minutes of cure at 141° C 
Fie. 8. 


traction coincided with the cure time of 90 minutes which is the thermally 
active period in the hard rubber reaction. Considering this fact, the generation 
of alcoholic potash extract may be ascribed not merely to proteins or other 
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impurities in raw rubber, but to some extent to polymerization or depolymeriza- 
tion phenomena during vulcanization. 
(3) The curves in Figure 5 show the sulfide sulfur formed from: zinc oxide 


Alcoholic potash extract (%) 


Minutes of cure at 141° C 
Fie. 4. 
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Minutes of cure at 141° C 


50%~S ® 2W%~S 
60%~S 8 100%~S 
0%~S D 150%~S 
80%~S 


Fie. 5. 


during vulcanization. In this case the parts of the curves corresponding to a 
lapse of about 50 minutes are generally of flat shape, and the reaction between 
sulfur and zinc oxide is considered to be a relatively simple chemical reaction 
which is hardly accompanied by polymerization or depolymerization of the rubber. 
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(4) As described above, the true or corrected coefficients were determined 
with the residual sample which had been removed from the other kind of sulfur 
combined - with the non-rubber components. In cases of the compounds con- 
taining more than 80 per cent of sulfur, as shown in Figure 6, the true coefficients 
of vulcanization were evidently greater than that required for the formula 
C;H,S, viz., 47. 

The causes for the higher values of the coefficient of vulcanization have been 
discussed by other investigators, e.g., H. P. Stevens and W. H. Stevens (J. S. C. J., 
1929, 48, 55 T) and by Fisher and Schubert (Ind. Eng. Chem., 1936, 26, 209), 
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Minutes of cure at 141° C 
Fie. 6. 


who considered that when the amount of sulfur present is greater than the theo- 
retical, part of the combined sulfur may result from the substitution of sulfur 
for hydrogen. 

According to the author’s previous experiments (Part V), undertaken with the 
compounds containing 70 to 150 per cent of sulfur, it is known that the total 
amount of sulfur lost during vulcanization corresponds to the true coefficient of 
vulcanization of 8 to 10. Consequently, undervalued though it may be, the com- 
pounds containing more than 80 per cent of sulfur give easily the values exceed- 
ing 47, that is to say, the higher values for the coefficient of vulcanization cannot 
adequately be explained on the assumption that it is brought about merely by 
the substitution reaction. When considered in the light of the facts above, it 
would seem that polysulfides, such as disulfides and trisulfides, are formed in 
addition to the substitution reaction, especially when organic accelerators are 
present. 





A NEW METHOD OF DETERMINATION OF 
FILLERS IN VULCANIZED RUBBER * 


R. A. Husiin 


One of the problems in analytical chemistry most frequently. encountered in 
the rubber industry is the determination of inorganic and organic fillers in 
various types of vulcanized rubber products. This problem has been solved 
in various ways, and the methods which have been developed differ in efficiency 
and pretision. They are of two essential kinds: (1) methods involving incinera- 
tion, and (2) methods involving solution. 

The shortcomings of methods of the first group are too well known to warrant 
any long discussion. Their chief fault lies in the errors which arise when the 
mixture to be analyzed contains carbon black or substances which oxidize or 
which decompose at the temperature of calcination, e. g., carbonates, sulfides, 
hydroxides, ete. Naturally when incineration methods are employed merely for 
control tests of articles of known composition, they make it possible to work 
rapidly, and they can be of good service in this way. 

But the impossibility of overcoming satisfactorily the faults mentioned above, 
without adding further complications, has led the majority of analysts to abandon 
incineration methods in favor of solution methods. It is possible, by means of a 
solveut which dissolves vulcanized rubber at a sufficiently low temperature, to 
separate fillers from rubber without damage of decomposing any of the fillers. 
Several methods of this kind are used in practice today, e. g., the procedure of 
the American Society for Testing Materials', whereby the rubber is dissolved 
in mineral oil, and a similar procedure used by the O.C.E.M. to be found in the 
specifications of the French railways?. In this same category should also be 
included the method of Pontio*, which involves extraction by cumene. The first 
two of these methods are of great practical value, and the results are accurate 
enough for most purposes. However, even these methods are inconvenient in 
various ways from a practical point of view. 

Mineral oil is a solvent of vulcanized rubber only at relatively high tempera- 
tures, and to obtain sufficiently rapid solution in practice, temperatures of at 
least 150° C must be employed. Even under these conditions, especially in 
the case of highly loaded rubber mixtures and rubber mixtures containing re- 
claimed rubber, solution is very slow. As a result, there is a temptation to in- 
crease the temperature in order to accelerate solution. But this introduces a 
new and an important source of error, 7. e., the rubber mixture and the solvent 
themselves tend to carbonize, and deposit quantities of insoluble residue in the 
residual liquid which are far from negligible. These decomposition products 
vitiate the weight of the fillers obtained by analysis. This complication is well 
known to all chemists who have employed this method, which is described in 
Specification 47 of the O.C.E.M. Very frequently the analytical results show 
too high values, even when the procedure is followed scrupulously. However, 
when a rubber mixture of known composition is concerned, this can readily be 
taken into account in judging the results. 


* Translated for RUBBER CHEMISTRY AND TECHNOLOGY from Revue Générale du Caoutchouc 
Vol. 17, No. 2, pages 49-50, February-March 1940. 
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The analyst is forced therefore either to accept analytical procedures which 
are rather tedious, or else to obtain results which are somewhat incorrect. Fur- 
thermore it is frequently very difficult to separate the fillers from the solvent. 
This is particularly true of mixtures containing carbon black, for in this case 
colloidal suspensions are formed, and the viscosity of the oil tends to increase 
the stability of these suspensions. Even after dilution, filtration is slow and 
often uncertain. 

With a view to overcoming these faults, efforts were made to find a solvent 
with which it would be possible to carry out a determination fairly quickly and 
at a temperature low enough to avoid carbonization on the one hand and 
the difficulties of decantation and filtration on the other hand. At the very be- 
ginning a valuable clue was offered by a reference in an old work by C. O. Weber‘. 
This author described a method of analysis by solution, whereby a-nitronaph- 
thalene or nitrobenzene was used as solvent. The latter reagent was found to 
be particularly effective with rubber mixtures having low coefficients of 
vulcanization. 

These two solvents were tested thoroughly by the present author. Insofar 
as rapidity of solution is concerned, the results were extremely promising, 
especially with a-nitronaphthalene. Even rubber mixtures containing high 
percentages of reclaimed rubber and carbon black, which can be dissolved in 
mineral oil only with difficulty, were completely dissolved in one-half to one 
hour at 160-170° C in a-nitronaphthalene. This in itself seemed to be a notable 
step forward. However, the actual manipulation involved certain inconveniences. 
For example, at ordinary temperatures, a-nitronaphthalene is solid, and after 
solution it recrystallizes in the receptacle. It is necessary therefore to dissolve 
it in a large excess of solvent, and when the liquid is then filtered, the edges of : 
the filter become covered with crystals, which entrain solid particles and make it 
difficult to wash the residue thoroughly. In addition to this, carbonization still 
persists to a great extent because of the high temperature which is used, in spite 
of the short time required to effect solution. This can be readily demonstrated 
with rubber mixtures of known compositions. 

Nevertheless, one step forward had been accomplished, in that a considerable 
saving in the time of operation was effected. The next problem was to determine 
whether this accelerated solution was due to the presence of the nitro group. 
To this end, the tests were repeated with pure naphthalene. It was found that 
solution in this hydrocarbon is much slower than in its nitro derivative. The 
presence of the nitro group is therefore of considerable advantage. 

Memmler® has stated that anisol can be used as an agent for dissolving 
vulcanized rubber, with the advantage that it can be used at temperatures of 
100° to 120° C. There is no doubt that this reagent can be used in this range 
of temperatures, but the times required are about the same as the times required 
with mineral oil at 150° C. In its favor is the fact that the danger of carboniza- 
tion and of decomposition of the fillers, e. g., antimony trisulfide, is practically 
eliminated. On the other hand, anisol is very expensive. 

Recourse was then had to o-nitroanisol, with the hope that the presence of 
a nitro group, as in nitronaphthalene, would accelerate to a marked degree solu- 
tion of the rubber. This supposition was found to be true by actual tests. The 
new reagent dissolved even the most refractory rubber mixtures in far shorter 
times (20 to 60 minutes) and at more moderate temperatures (100° to 120° C) 
than was found to be true with mineral oil. 
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In this way it was found possible to combine operation at a low temperature, 
to avoid any carbonization and decomposition of the fillers, with a procedure which 
could be carried through quickly. It was found also that o-nitroanisol has much 
less tendency to form colloidal suspensions of fillers than does mineral oil. Decan- 
tation can therefore usually be carried out very rapidly and completely. 

Various types of liquids can be used as diluents, e. g., benzene, toluene, petroleum 
ether, chlorinated compounds, etc. A mixture of equal parts of toluene and 
carbon tetrachloride is very effective. Toluene should be carefully rectified and 
should be absolutely free of heavy iractions. This diluent can be kept over 
anhydrous sodium sulfate. 

The precision of the method just described was confirmed by careful tests 
of rubber mixtures of known compositions, containing a wide variety of fillers, 
including carbon black, various other blacks, whiting, zinc oxide, barytes, silica, 
slate, magnesium carbonate, kaolin, etc. In all cases, it was found that, with 
proper technique, values within 2 per cent of the correct ones were obtained. 
This precision is considerably better than that possible by the A.S.T.M. and 
O.C.E.M. methods, which very seldom give results within 5 per cent of the correct 
values, particularly when carbon black is present. In contrast to its behavior 
in the A.S.T.M. and O.C.E.M. methods, even reclaimed rubber does not prolong 
the time necessary for solution beyond reasonable limits. 

The procedure which was finally adopted is the following. 


PREPARATION OF THE SAMPLE BEFORE TREATMENT WITH THE SOLVENT 


For preliminary treatment of the sample, reference should be made to the 


standard method of the American Society for Testing Materials', or to the 
specification of the O.C.E.M. of the French railways?. It is unnecessary to 
describe the procedures, for they appear in very complete form in these two 
specifications. 


SOLUTION 


After treatment in accordance with the specifications mentioned above, the 
sample, weighing approximately 1 gram, is finely divided, either by pulverizing 
or grinding on an experimental mill with the rolls very tight, or by cutting into 
very small pieces not over 1 mm. in size. 

The sample is then placed in a conical flask of 100 cc. capacity, equipped with 
a reflux air condenser and a thermometer, together with 25 cc. of o-nitroanisol. 
The reservoir for the thermometer should be immersed completely in the liquid. 
A technical grade of o-nitroanisol is perfectly suitable, provided that it is first 
made certain that the o-nitroanisol contains no inorganic impurities or traces 
of acidity. 

The flask is heated on an oil bath. Careful watch is kept of the rise in 
temperature, and the heating is regulated so that the thermometer indicates a 
uniform temperature of about 115° C during the process of solution. When the 
temperature of 115° C has been reached, it is maintained at this point for 30 
minutes. In the great majority of cases, this length of time is sufficient for 
complete solution. If the rubber is still incompletely dissolved, the digestion 
is continued for perhaps 30 minutes more. 
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DECANTATION AND FILTRATION 


After cooling, the contents of the flask is diluted with 150 cc. of a mixture of 
toluene and carbon tetrachloride, and is then allowed to stand until it can be 
decanted completely. This decantation can be carried out very rapidly when 
carbon black is absent, but requires several hours when carbon black is present 
in the rubber mixture. 

The flask is covered with a watch glass. There is no difficulty in recognizing 
when to stop the decantation. A tared filter is then prepared with slow filtra- 
tion paper (e. g., Durieux Blue Ribbon). This filter paper should first be extracted 
thoroughly with carbon tetrachloride, or else special filter paper free of fats 
or oils should be used. The decanted liquid is filtered carefully, and the first 
part is filtered again until the filtrate no longer shows any turbidity. This 
filtrate is usually brown, and has the appearance of ordinary colloidal suspen- 
sions. A black color indicates that filtration is incomplete. When the supernatant 
liquid is completely filtered, the residue of fillers is added to the filter with the aid 
of a wash bottle containing the diluent. The fillers are washed thoroughly with 
the same hot diluent until all organic substances are completely eliminated. 
The tared filter paper containing the residue is then dried at 70° C and 
weighed. 


APPLICATIONS OF THE METHOD 


Not only is the new method applicable to the determination of fillers in rubber, 
but it is very well adapted also for determining the weight of rubber with which 
a fabric has been coated or impregnated. It is for instance easy to determine 
the rubber coating of an impermeable fabric or the weight of the rubber friction 
on a belt fabric. . 

Thanks to the low temperatures and the short times of treatment which 
are possible, cotton fabrics are affected very little by the process of dissolving 
away the rubber. Therefore it is possible, after extraction of the rubber, to 
test fabrics for their mechanical properties and to obtain results which are of 
some significance. In this case one would obviously not expect to be able to 
test specimens of fabric of normal size, but useful information can be obtained 
by cutting small strips, 1 cm. by 5 cm., and testing them. These small specimens . 
can then be broken on a rubber dynamometer, with a speed of separation of 
100 mm. per minute. 

To be able to interpret correctly the results of these tests, it is advisable 
to make a corresponding series of tests of a fabric of similar construction and 
of known characteristics, and which also has been processed in the same way 
i. é., frictioned or coated, then vulcanized, and finally the rubber removed by 
solution in o-nitroanisol under the conditions described. Instead of tensile 
measurements, small specimens in the form of discs can be subjected to bursting 
tests in an apparatus of the type used in the paper industry. 


CONCLUSIONS 


A new reagent, o-nitroanisol, makes it possible to determine the total filler 
content of vuleanized rubber much more rapidly and more precisely than here- 
tofore. In addition, the procedure is easier than that of the classic method. It 
would therefore be desirable if the method of determining fillers by solution 
of the rubber, which can now be carried out so easily, were to be used in many 
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cases in place of incineration methods, which, in spite of being rapid, are very 
inaccurate, and also if the new method were to be used in place of the ordinary, 
relatively inconvenient solution methods. 
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SWELLING OF SYNTHETIC RUBBERS 
IN MINERAL OILS 


EFFECT OF VARIATION IN ANILINE POINT OF OILS * 
F. H. Carman, P. O. Powers, and H. A. Rosinson 


ArMstTRONG CorK Company, LANCASTER, PENNA, 


Swelling of synthetic rubber compositions by mineral oils is of considerable 
interest to the rubber manufacturer and to the ultimate consumer of such 
products. Volume increase after immersion in an oil is often used as a criterion 
of the oil-resisting properties of a given stock, and is made an acceptance-test 
requirement of many purchase specifications. The purpose of this paper is to 
demonstrate the varying swelling effects of different mineral oils on Neoprene, 
Perbunan, and Thiokol compositions, and to suggest a new and practical method 
of specifying mineral oils to ensure duplication of performance. 

Previous work by Fraser? showed that Neoprene vulcanizates, when immersed 
in lubricating oils, reach equilibria with respect to swelling and that the volume 
increase is a logarithmic function of the viscosity-gravity constant. The results 
of this study on Thiokol and Perbunan vulcanizates immersed in oil agree in 
general with the previous work on Neoprene, and further verify the varying 
effects of different commercial mineral oils purchased on the open market. 


MATERIALS 


Compositions. Five synthetic rubber compounds were selected as represen- 
tative of commercial stocks, and samples were immersed in ten mineral oils in 
this series of tests. These compositions were: 

A Neoprene G compound, containing 70 volumes of soft carbon black (Ther- 
max was used) per 100 volumes of Neoprene G. Extractable softeners were 
not used. 

A Neoprene E compound, containing 185 volumes of fine cork per 100 vol- 
umes of Neoprene E. 

A Perbunan Extra compound containing 53 volumes of carbon black and 9 
volumes of extractable softener per 100 volumes of Perbunan. 

A Perbunan compound containing 140 volumes of fine cork and 20 volumes of 
extractable softener per 100 volumes of the Perbunan. 

A Thiokol DX composition containing a total of 125 volumes of carbon black 
and dust cork per 100 volumes of Thiokol. 

All these compounds were prepared in sheet form by vulcanizing in a standard 
tensile sheet mold to the same extent as that used in commercial practice. 

Minera Oris. Ten oils from various producers were purchased on the open 
market. The specific gravity, Furol viscosity at 100° F (37.8° C), and the aniline 
point were determined. The Furol viscosity was converted to Saybolt Universal 
by viscosity charts. The viscosity-gravity constant and the gravity index were 
calculated for each oil according to the methods of Hill and Coats® and of 
McCluer and Fenske*. Physical constants are shown in Table I. 


* Reprinted from Industrial and Engineering Chemistry, Vol. 32, No. 8, pages 1069-1072, August 1940. 
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Fig. 1.—Cloud points of oil in aniline ‘at various concen- 
trations. 


Tasie I 
PuysicaL Constants oF OILs 


Saybolt 50% 
Universal (by wt.) 
Specific viscosity Viscosity- aniline 
gravity (87.8° C) gravity Gravity point 
Type of oil sec. constant index "© 


Plasticizing . 0.875 18 67.5 
SAE 30 motor a 0.878 22 77.7 
Plasticizing 0.786 118 83.0 
White oil 0.822 95 104.8 
SAE 30 motor 0.794 115 107.0 
SAE 30 motor } 0.810 105 109.5 
SAE 30 motor F 0.809 106 1108 
SAE 30 motor r 0.813 105 109.0 
SAE 30 motor 0.794 116 119.8 
High-viscosity para- 

fin 0.803 111 122.5 


“ Oil 2 in this series was cottonseed, which does not fall within the scope of this paper. 


DETERMINATION OF ANILINE POINT 


The method described by Gardner* was used with slight modifications be- 
cause of the relatively high viscosities and the high aniline points encountered 
with mineral oils. 

One gram of the mineral oil was weighed into a 15-mm. test tube; 0.25 cc. 
of freshly distilled aniline was then added from a 10-cc. buret graduated in 
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0.05-ce. divisions. This tube was inserted into a 25-mm. test tube containing 
glycerol, and the assembly was heated with stirring in a second glycerol bath 
until the temperature was about 10° above the expected cloud point. The oil and 
aniline solution was then clear. The tubes were withdrawn from the bath and al- 
lowed to cool at a rate of approximately 3° per minute with brisk stirring of the 
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Fig. 2.—Swelling of compounds in oils of various aniline points. 
Black-loaded Neoprene. 
. Cork-loaded Neoprene. 
Black-loaded Perbunan. 


Cork-loaded Perbunan. 
Cork-loaded Thiokol. 





solution. The aniline point for the mixture is that temperature at which the cloud 
first appears. Aniline was then added in 0.25- to 1.0-cc. portions, and the de- 
termination repeated until the cloud temperature on further addition of aniline 
did not increase. 

The aniline point‘ is used as an index of the solvent power of volatile hydro- 
carbon solvents, the higher aniline point indicating less solvent power. The 
maximum cloud temperature is normally taken as the aniline point. In the case 
of volatile solvents, this point is found at about 50 per cent aniline; but with 
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mineral oils it occurs at progressively higher concentrations of aniline as the vis- 
cosity, and therefore the molecular weight, of the oil increases (Figure 1). 

Fuchs and Anderson* examined: mineral oils from various fields, which were 
extracted to the same aromatic content. They-found that the aniline point de- 
creases in the following order: Pennsylvania; mid-continent, West Texas, and 
Gulf Coast fields. They show that the aniline points of their SAE 40 oils vary 
from 115 to 94, whereas those of their SAE 20 oils vary from 102 to 86. These 
aniline points are higher than for nonextracted oils, since the refining operation 
removes materials of high solvent power. 

Previous experience has shown that the 50 per cent aniline point is a less re- 
liable index of the solvent action of the oil than the maximum cloud or the 
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Fie. 3.—Aniline point of oil vs. logarithm of per cent Fie. 4.—Swelling of black-loaded 
swelling. Neoprene as a function of the gravity 


Black-loaded Neoprene. scares 


. Cork-loaded Neoprene. 
. Black-loaded Perbunan. 
. Cork-loaded Perbunan. 
. Oork-loaded Thiokol. 


critical solution temperature. However, since the 50 per cent aniline point (by 
weight) requires but one determination and is more widely employed in the 
oil industry, it was selected as a basis for comparison in this study. 

Examination of the curves in Figure 1 shows that oil 9 has a much steeper 
slope than any of the other oils examined. This oil contains a small amount of 
polyolefin, the presence of which is responsible. for this behavior. In this case 
“haze” points rather than true cloud points are observed, as two-layer separa- 
tion does not occur. It is believed that oils containing polyolefins may be recog- 
nized by this behavior. Further work is in progress to develop methods for 
determining the true aniline point of such oils. 

Test Procepurp. Samples of each stock,.1x2x0.1 inch (2.5x5x0.25 em.), 
were placed in the different oils, and percentage volume increases were determined 
after 1, 2, 3, 4, 6, and 12 weeks of immersion in small individual stoppered 
bottles held in a constant-temperature cabinet at 70°+1° C. Volume changes 
were determined by the displacement method, according to the procedure of the 
American Society for Testing Materials?. 


9 
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SWELLING RESULTS 


The time-swelling curves for each compound in the different oils are shown 
in Figure 2. Figure 3 gives aniline point vs. the logarithm of the percentage 
volume change of the various compounds; the data for the low-swelling materials 
extend into the next lower decade and actually permit a curve to be drawn. These 
points are not represented here, but may be obtained by averaging the 6-12 week 
swelling points from Figure 2, C, D, and E. 

From Figure 2 it is evident that oil 5 causes the greatest swelling of all stocks, 
and has the lowest aniline point. This oil is a type generally used for plasticizing 
natural or synthetic rubber; the excellent softening properties are indicated by the 
swelling tests and the low aniline point. Oil 6 is a well-known SAE 30 lubricating 
oil; both the gravity index and aniline point indicate the high swelling effect, 
which is shown in all curves. Oil 1 is a plasticizing mineral oil used in rubber 
compounding, and the aniline point indicates a high swelling effect which is 
found in actual test; the gravity index does not predict such a result. In Figure 4, 
oil 1 does not show a consistent relation between gravity index and swelling of 
Neoprene. It is possible that gravity index is not reliable with low-viscosity oils. 
Oil 10 is a white mineral oil used for pharmaceutical purposes; both the aniline 
point and gravity index can be used to indicate the relative swelling effect. The 
six remaining oils are various lubricating grades sold under the SAE 30 rating. 
The good agreement of aniline point vs. volume increase is indicated by the curves. 

From preliminary work on vegetable oils, it appears that the aniline points 
of nonhydrocarbon oils cannot be compared with the aniline points of mineral 
oils to determine the relative swelling effect. 

Fraser? pointed out that, with commercial Neoprene vulcanizates, maximum 


swelling may be followed by a shrinkage in volume, due to extraction of oily or - 
waxy materials from the Neoprene compound by the oil under test. Contraction 
is noted in Figure 2, C, D, and EZ, where oils known to have a low swelling effect 
have actually caused a shrinkage in volume. This is particularly true of those 
synthetics which are least affected by oil and which contain extractable material. 


CONCLUSIONS 


1. There is a marked difference in the swelling caused by different mineral 
oils on compounds made of any synthetic rubber, such as Neoprene, Thiokol, 
or Perbunan; the arrangement of the oils by swelling effect tends to remain 
the same for the synthetic compounds tested. 

2. The change in volume is rapid on initial immersion and then gradually ap- 
proaches equilibrium, except in the case of those systems where marked swelling 
is encountered. 

3. The aniline point, determined at a concentration of equal parts of aniline 
and oil by weight, appears to be a characteristic of mineral oil which will indi- 
cate the probable swelling effect on synthetic rubber compounds. The 50 per cent 
aniline point is more conveniently determined than is the gravity index, and 
appears to be at least equally reliable. 

4. The viscosity rating of a mineral oil is not a satisfactory criterion of its 
tendency to swell rubberlike compositions, and should not be the sole description 
of an oil for acceptance specification testing of synthetic rubber products. 
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COLOR REACTIONS BETWEEN CLAYS 
AND AMINES * 


E. A. Hauser and M. B. Leccetr 


DEPARTMENT OF CHEMICAL ENGINEERING, MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 
CAMBRIDGE, Mass. 


A study of the discolorization of white side-wall tires has led to the discovery 
of brilliant color reactions between a number of organic compounds used as 
antioxidants in the rubber industry and different clay minerals'. This paper 
concerns itself with a more detailed study of this phenomenon?. 

Since it was found that all the rubber antioxidants which gave color reactions 
with the clays were amines, it was first desirable to ascertain whether the re- 
action is dependent on the presence of nitrogen as such, or whether an amino 
group is essential. Furthermore, it seemed of importance to determine whether 
the reaction occurs with aliphatic as well as aromatic amines. Finally, it was 
considered of value to establish as many methods of bringing the reaction 
about as possible. 

The original experiments using clay and rubber antioxidant were limited to the 
formation of the color by allowing the dry clay and dry antioxidant to react 
with each other. The reaction, caused by direct contact or due to the vapor 
pressure of the antioxidant at room temperature, was slow and in the latter case 
confined to the exposed surface of the clay. 


Since then it has been ascertained that the color—all shades of the spectrum — 


have been produced—can be developed by either grinding the dry components 
together in a mortar or by mixing the clay with the reactant in the presence of 
a few drops of water. If the reactants are liquids, the color will appear im- 
mediately on contact with the clay. In the case where water-soluble salts of 
the reactants are available, the color will ap>ear immediately if the clay is added 
to the aqueous solution. Special care was taken to purify all chemical reagents 
as highly as possible. 

We have listed in Table I a great number of compounds, together with the 
color they form in combination with Wyoming bentonite (AI-Si-montmorillonite), 
both in basic and acid condition. All basic reactions were performed by mixing 
the liquid amines with the clay, by adding a few drops of water to the dry 
mixture, or by mixing the dry amine into clay hydrogel. In the acidic range a 
hydrogel of an acidified clay was used, to which either the liquid or solid amine 
was added. 

A detailed survey of Table I reveals the following facts: Only certain amines 
(1) of the aniline type give the color reaction. Similar aromatic compounds with 
nitrogen attached to the benzene nucleus give various colors, depending on the 
type of substituents present (70, 71, 72; 21, 22; 51, 52; 61, 62, 63; 27%, 32, 68). 
Aliphatic amines (3, 44, 76) as well as saturated cyclic amines (31) give no re- 
action. Nitrobenzene (50) and heterocyclic nitrogen compounds (64, 66) and 
compounds with the amino groups removed from the benzene ring (30) are non- 
reactive. An acetyl group on the nitrogen inhibits color formation (1, 28, 36, 53, 
54, 55, 56, 73, 74, 75). Alkyl groups substituted in the amino group intensify 


* Reprinted from the Journal of the American Chemical Society, Vol. 62, No. 7, pages 1811- 
1814, July 1940. 
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TABLE I 


Compound 
Acetanilide 
Acetophenone, p-amino- 
Ammonia 
Aniline 
Aniline, p-aminodimethyl- 
Aniline, p-aminodiethyl- 
Aniline, p-bromodimethyl- 
Aniline, diethyl- 
Aniline, dimethyl- 
Aniline, ethyl- 
Aniline, methyl- 
Aniline, m-nitro- 
Aniline, p-nitro- 
Aniline, 4-nitro-2-chloro- 
Aniline, o-nitrodimethyl- 
Aniline, p-nitrodimethy]- 
Aniline, m-nitromethyl- 
Aniline, p-nitromethyl- 
Aniline, p-nitrosodimethy]- 
Aniline, tribromo- 
Anisidine, -o- 
Anisidine, -p- 
Anthranilic acid 
Anthraquinone, l-amino-(red) 
Anthraquinone, 2-amino-(red) 
Benzene, p-aminoazo- 
Benzidine 
Benzoic acid, acetyl-o-amino- 
Benzoic acid, p-amino- 
Benzylamine 
Cyclohexylamine 
Dianisidine-o 
Diphenyl, o-amino- 
Diphenyl, p-amino- 
Diphenylamine 
Diphenylamine, acetyl- 
Diphenylamine, 4-amino- 
Diphenylamine, isopropoxy- 
Diphenylmethane, p-diamino- 
Diphenylmethane, tetramethyl-p-diamino- 
Hydroquinone 
Metanilic acid 
Michler ketone (tetramethyl-diaminobenzophenone). 
Monoethanolamine 
Naphthylamine, a- 
Naphthylamine, p- 
Naphthylamine, di-s- 
Naphthyl, di-8-p-phenylenediamine ................ 
Naphthylamine-1 Trisulfonic acid-3,68............. 
Nitrobenzene 
Phenetidine, o- 
Phenetidine, p- 
Phenetidine, p-acetyl- 
Phenol, acetyl-m-amino- 
Phenol, acetyl-o-amino- 
Phenol, acetyl-p-amino- 
Phenol, p-amino- 
Phenylethylmethanolamine 
Phenylmethanolamine ..................-. ieee ation 
Phenyl-s-naphthylamine 
Phenylene-m-diamine 
Phenylene-o-diamine 


Weak green 


Acidic 
color 


Basic 

color 
Green Yellow 
Green 
Blue 
Tan 
Green 
Green. 
Green 
Green 
Green 


Pink 
Green-blue 


Green 
Green 
Orange 
Yellow 
Yellow 
Yellow 
Brown 


Pink 
Purple 


Yellow 


No change 

No change 
Brown Pink 
Blue Yellow 


Yellow 


Pink 


Blue Blue 


Yellow 
Green 
Pink 
Gray 


Green 


Green 
Pink 
Pink ‘ 
Pink 
Purple 


Pinkish green 


Green 
Yellow 
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TaBLeE I—Continued 


Compound 
Phenylene-p-diamine 
Pyridine 


Sulfanilic acid 
Tolidine, o- 
p-Toluenesulfonylmethylaniline 
Toluidine, m- 
Toluidine, o- 
Toluidine, p- 
Toluidine, m-acetyl- 
Toluidine, o-acetyl- 
Toluidine, p-acety]- 
Triethylamine 
Triphenylamine 


the color (8, 9, 10, 11). Aryl groups exhibit a similar effect (35, 37, 38, 60). 
NH, as a ring substituent intensifies the color (61, 62, 63; 5, 6, 8, 9). NO,, 
SO,H, COOH, R, OR, acetyl, Br, and OH reduce or inhibit color formation 
(7, 12, 13, 16, 17, 18, 20, 23, 29, 33, 34, 39, 40, 42, 45, 46, 49, 57, 67, 70, 
71, 72). The position of methoxy and ethoxy groups is important. In ortho 
position (21, 51) they lighten the color; in para position (22, 52) they deepen it. 
Compounds of the benzidine type (27, 32, 68) and the naphthylamines (45, 46, 
47, 48, 49, 60) give deep colors. The color will be the lighter the more acidic 
the ring substituent. 


The color is specific to the amine and can be produced with all reactive types 


of clay (bentonite, fullers’ earth, kaolin, zeogel, etc.). 

The benzidines give blue, anilines green, and toluidines pink or yellow colors. 

The intensity of the color depends on the type of clay. Zeogel, bentonite, fullers’ 
earth, kaolin, etc., form colors of decreasing intensity in the order given. China 
clays and illites react only slightly. Powdered silica, silica aerogel, aluminum 
oxide, ground mica and ignited bentonite are nonreactive. 

The fact that Wyoming bentonite thus colored will still swell in water and permit 
base-exchange suggests that the color reaction is not to be regarded as a simple 
base exchange phenomenon. The addition of excess amines results in making the 
color dull or even black. By either adding more clay or simply washing the excess 
amine off, the brilliancy of the color reappears immediately. To test the pos- 
sibility that the color might be due to a reaction between the amine and oxygen, 
or an oxidizing agent adsorbed or entrapped in the clay structure, the experi- 
ments were repeated with carefully prepared oxygen-free pure clay. No change 
in character or intensity of the colors could be observed. 

It is interesting to note that where the color is obtained by mixing clay and 
solid amine in the presence of water, the products return to their original colorless 
state on drying. However, the color can be restored on wetting. 

In certain cases the change in color on drying is a process involving progressive 
lightening of color. o-Tolidine dries from blue to green to yellow to colorless, 
as do benzidine and o-dianisidine. The compounds containing only one aromatic 
ring dry out directly to the colorless state. The color changes from the wet to dry 
state are the same as those obtained by adding acid to the colored clay. The liquid 
amines apparently hold their color even when dry, and the colors produced 
by grinding dry clay and solid amine also persist without added moisture. In 
cases where clay is added to the amine hydrochloride, the acid apparently base 


v 
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exchanges with the clay. The amine, no longer solubilized, then contacts the clay 
surface. There is no evidence that the color can exist independently of the 
clay. Whenever a suspension of the colored clay is made in any liquid, the color 
settles with the clay, leaving a clear supernatant liquid. 

It has not been possible to remove any of these colors from the clay and main- 
tain them in solution or in the solid state. Attempted extraction‘ of the green 
color of dimethylaniline with acetone gave a colorless wash liquid which proved 
to be acetone and unreacted amine. The clay was colorless and found to be 
unaltered in its properties. Similarly, benzidine and clay were-recovered from 
their blue reaction product. 

Dimethylaniline is a notable example of the color reactions, in that it gives 
first a green color and then, either after standing or on heating, a blue color and 
finally a purple color’. The last shade is different in character from those pre- 
viously mentioned, it being no longer reversible and definitely associated with the 
clay. It exists as well in the dry state as in the moist and is unaffected by mild 
heating. It cannot be removed by solvent extraction, but if it is treated with 
acid the purple clay turns to a dark green in color; when washed with acetone 
or dioxane, the wash liquor is purple, although the clay remains green. Water 
washing of either the purple or green clay produces no detectable change in 
the clay or in the wash liquor. This purple clay has lost its ability to swell in 
water and no longer forms colloidal suspensions in water. 

If environmental conditions are changed, the reaction is thereby noticeably 
affected, revealing the following noteworthy trends. 

Mineral and organic acids either inhibit or lighten the color. For example, 
o-tolidine (68) shifts from blue to yellow, aniline from green to colorless‘, 
p-aminodimethylaniline® from blue to pink. Bases added to the colored clay in 
neutral media have no effect, but when added to the acidified clays restore the 
original basic color. Thus, benzidine (27) can be shifted from blue to yellow 
and back to blue any number of times by additions of acid and base, respec- 
tively. Reducing agents, such as stannous chloride and formaldehyde, reduce 
the color or destroy it completely, just as do the acids. If one adds an oxidizing 
agent to such a mixture, the color is restored. Potassium chlorate will restore 
the pink color to acidic p-aminodimethylaniline (5) which has been reduced to 
the colorless state with stannous chloride. If one adds either the acid or re- 
ducing agent to the clay before the amine is introduced, the lighter or colorless 
state is immediately obtained, and can be shifted to the darker shade by suitable 
addition of a base or an oxidizer. The presence of solvents for the amines reduces 
the amount of color; the deficiency is proportional to the solubility of the amine 
in the solvent and to the amount of solvent present. 

It is today generally assumed that the appearance of color in a compound re- 
sults from a special type of resonance, and the depth of the shade is considered 
a measure for this phenomenon. With the type of compounds which have been 
shown to give the brilliant clay colors, one can easily visualize the provocation 
of resonance. 

In the case of the amines and the clay, it has been shown that no reaction 
products are attainable for analysis, but that the original reactants return on 
separation. Therefore, one cannot ascribe the color to any addition to the nitrogen 
atom. However, that this atom is responsible for the reaction is indicated by 
the activity of compounds with ring substituents in all possible positions, particu- 
larly by the para-substituted dialkylanilines. Moreover, the action of excess 
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acid in inhibiting color formation and the return of the color in basic solution 
suggest that nitrogen in the lower state of valency is the active factor. 

The most probable cause of color formation in compounds of this type would 
be oxidation. Atmospheric oxygen colors most of the compounds used. However, 
it: does not give the shades found on clay. The color formation with clay is 
favored by alkaline media and inhibited or lessenéd by acids. Moreover, the 
presence of acidic substitutents in the molecule lessens the tendency to form color, 
while basic substituents promote deeper shades. Reducing agents inhibit the 
reaction. Oxidizing agents favor it. All these facts suggest that oxidation is the 
actual cause for the appearance of color. 

The possibility that adsorbed or occluded oxygen or an oxidizing agent is 
responsible for the reaction already has been eliminated. However, the surface 
of a clay particle has many points of unsaturation where metallic atoms have 
unsatisfied residual valences, created when the clay crystal is ruptured. These 
metallic atoms are part of the lattice structure of the clay and therefore cannot 
be removed. 

The metallic atoms involved will be those which occur in the unsubstituted 
crystalline structure, as the substituted metals of lower valence are already 
saturated and create the excess negative charges as the clay particle to which 
base-exchange is attributed. 

The reaction might be explained as follows. The amine, after it is brought 
into close contact. with the clay particle, is adsorbed by the available unsaturated 
metal groups on the surface. One of the unshared electrons in the nitrogen outer 
shell is transferred into the crystal structure, setting up on unbalanced force field 
in the amine. This condition provokes resonance in the amine, and the quinoidal 
structure is obtained. In this way the amine acts in a similar manner to what . 
would be the expected action of a reducing agent’ and it is easily seen why 
reducing agents inhibit the reaction, 7.e., the reducers ‘having more readily 
transferred electrons act as donors rather than the amine. Similarly, this reac- 
tion could occur with aliphatic and heterocyclic amines, without formation of 
colored compounds, and the aromatic amines added after these others would 
not react. 

As long as the aromatic nitrogen atom and the unsaturated metallic atom are 
in close contact, color will persist. On separation the nitrogen becomes stabilized 
and the clay is restored to its original state. Nitrogen with all electrons shared, 
such as in nitrobenzene and the amine salts (if their salt acid is not removed), 
will not be capable of undergoing this reaction. 

It is probable that some association between resonating molecules will occur 
in the close-packed adsorbed layer on the surface of the clay. This would tend 
to give deeper colors and account for the greens in the benzene derivatives, where 
ordinarily imine molecules would be yellow.’ This association would not be 
permanent, and one would expect to be able to regain unreacted amines, as 
actually is the case. If the compound were highly reactive, however, one might 
expect a coupling by some means between the molecules, and this would ex- 
plain the formation of the purple clay from the green dimethylaniline product. 

In the case of the compounds which exhibit different colors in acidic and basic 
media, the extent of the resonance will be the controlling factor in color. 
Benzidine in basic media gives a deep blue color, in acid a yellow color and in 
highly acid solutions no color at all. Preliminary tests seem to indicate that the 
color is determined by the amount of acid salt formed with the amino groups. 
Thus, in basic media no salt formation occurs, and the resonance goes through 
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the two rings of the biphenyl nucleus, resulting in a deep blue. If sufficient acid 
is added to form salt with one-half the amine present, the resonance is restricted 
to one ring and, since association is prevented spatially, the yellow color typical 
of imine compounds is produced. More acid forms salt with all of the amino 
groups, no resonance is induced, and a colorless state results. 

The experimental data and the hypothesis as offered point toward various 
possibilities to stabilize the colors obtained. Work in this direction is being 
continued, as well as a more detailed study of the actual mechanism of the 
color reaction. It is hoped that these results can be presented in the very 
near future. 


SUMMARY 


The formation of colored compounds on clay has been shown to be the result 
of a reaction between clay and aromatic amines. 

The influence of various substituents, acid and bases, is discussed. 

A preliminary hypothesis explaining the mechanism of the reaction is ad- 
vanced and further work outlined. 
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INTRODUCTION 


The production on an increasingly large industrial scale of the synthetic rub- 
berlike material, Buna, has led to its steadily expanding use in all branches of 
industry. The cable industry in particular has become interested in the proper- 
ties of the various types of Buna in a large way in some of its extensive develop- 
ment problems. Buna S and Buna SS (formerly Levulkan), which have excellent 
aging, heat-resistant and insulating properties, are for example being used for 
insulating the metallic conductors of the various types of cables and cords for 
heavy current and low current service. 

Vulcanized Buna § as well as vulcanized Perbunan (formerly Buna N), the 
latter having the character of a semiconductor, are being used for the protective 
jackets of portable cables, ship cables, mine cables and telephone cables. Cable 
coverings made with Buna are characterized by their high stability over a wide 
range of temperatures, and by their great resistance to mechanical forces, which 
is manifest for example in a resistance to abrasion greater than that of natural 
rubber. In addition, Perbunan has much greater resistance to oils, fats and 
benzine than does natural rubber. 

Not only does cable manufacture require a material with high insulating proper- 
ties and a cable covering of high mechanical quality, but also it is desirable that 
Buna, if used, have properties which make it process satisfactorily. Most Buna 
mixtures designed for insulation can be processed in strip-covering machines, 
Buna mixtures for coverings in ordinary extrusion machines. 

An extensive experimental program has been necessary to find a way of meeting 
all these frequently conflicting requirements with a new raw material like Buna. 
It seems advisable, therefore, to describe in a brief way the electrical and 
mechanical properties which can be obtained in cable manufacture with Buna 
as a result of these prolonged experiments. 


INSULATION RESISTANCE 


Among the various electrical properties of Buna mixtures, specific resistance, 
loss angle, and dielectric constant give the best idea of the mixtures as insulating 
materials. It is interesting, by means of these electrical constants, to follow 
Buna through the various processes of manufacture from the raw material to 
the finished cable, and thus to be in a position to solve, by physical measure- 
ments, the numerous technical problems which arise in the factory. 

In investigations of this kind, natural rubber can always be included, and 
thereby compared with Buna, particularly since Buna is now a perfectly satis- 
factory substitute for natural rubber, in fact is superior in many respects. 

First of all, let us consider specific resistance, which is a measure of the 
insulating value of a raw material. Since it is desirable that the specific re- 


* Translated for RUBBER CHEMISTRY AND TECHNOLOGY from Kautschuk, Vol. 16, No. 8, pages 26-83, 
March 1940. 
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sistance remain constant over the widest possible range of temperatures, deter- 
minations were first made of the specific resistances of natural rubber and of the 
various types of Buna, when uncompounded and unvulcanized, as a function of 
the temperature (see Figure 1). 

If the specific resistances of the various raw materials at 20° C are first of 
all compared, it will be seen that Buna S, Buna SS and natural rubber are all 
suitable technical materials for insulation. Buna §, with a specific resistance of 
10‘ ohms per cm., does not reach the specific resistance of natural rubber, with 
values of 5x10'® to 10‘ ohms per cm. Buna S88, with a specific resistance of 
5x 10!4 ohms per cm., approaches more nearly to that of natural rubber. Quite 
distinct from this group of insulating materials, Perbunan has a specific re- 
sistance of only 5x 10*° ohms per cm. 
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Fig. 1.—Specifie resistance of rubber and Buna as Fig. 2.—Influence of the plasticity on the spe- 
a function of temperature. cific resistance of raw Buna S at various tem- 
peratures. 


TABLE I 
Temperature 
coefficient of 
Specific resistance the specific 
(ohms per cm. ) resistance 
cr oe between 0° and 
Type of rubber 20° C = 20a 
— 0.85 
— 0.70 
— 0.95 
— 0.87 
— 0.94 





The values of the specific resistance recorded in Figure 1 were obtained with 
a mirror galvanometer, with a direct-current voltage of 1000, and with mea- 
surements 1 minute after application of the voltage. 

Since in cables carrying currents, the insulating layer becomes heated as a 
result of electric losses, it is important to know its insulation resistance at ele- 
vated temperatures as well as at ordinary temperatures. As is evident in 
Figure 1, the specific resistances of all types of rubber diminish with increase 
in temperature. Table I shows the decreases in specific resistance between 0° 
and 20° of the various types of rubber, 7. e., the temperature coefficients (in these 
cases negative) of these materials, based on a temperature differential of 20° C. 
The decreases in specific resistance with increase in temperature are greater 
for all types of uncompounded, unvulcanized Buna than for natural rubber. 

The relation between specific resistance and temperature is such that the 
insulating properties of the various types of rubber are better when cold than 
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at ordinary temperature. Thus the higher temperature coefficient of Buna SS 
is of such a magnitude that its specific resistance at 0° C exceeds that of natural 
rubber. Even the semiconductor Perbunan becomes an insulator at —15° C. 

Instead of following the conventional method of plasticizing natural rubber 
by mastication on roll mills, Buna S and Buna SS are today frequently plasticized 
by the more economical method of softening by heat treatment. This process is 
particularly important in that it offers the possibility, in the manufacture of 
rubberized conductors on strip covering machines, of obtaining uniformly perfect 
joints. In this connection the question arises whether the specific resistance is 
affected by the thermal treatment of the Buna. 

The plasticities of samples of Buna 8 which had been softened by heat treat- 
ment to different stages of plasticity were measured by the same method and 
in the same units used for rubber. The results are shown in Figure 2. It is evi- 
dent that the appreciable traces of oxygen which combine with Buna during 
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Fic. 8.—Influence of loading on the specific Fie. 4.—Relation between the specific re- 
resistance at various temperatures. sistance of sheets and the insulation resis- 
(Mixture: Buna 100, sulfur 1.2, accelerator tance of conductors. 
AZ 0.8, stearic acid 1, zinc oxide 2, whiting 200.) 


the thermal softening process do not change to any marked degree either the 
specific resistance itself or the temperature coefficient of this specific resistance. 

The next step after plasticizing, in the processing of rubber mixtures for in- 
sulation, is the mixing of fillers, softeners, sulfur and accelerators into the plasti- 
cized raw rubber. This process too was followed with the aid of a temperature- 
specific resistance diagram. 

The influence of fillers at a definite degree of vulcanization was first. studied. 
In this series of measurements, whiting was chosen as filler. Figure 3 shows the 
changes in specific resistance as a function of temperature, both for the raw 
mixtures and for the same mixtures after vulcanization. In this case the mixtures 
contained 200 parts of whiting per 100 parts of Buna or natural rubber. The 
left-hand diagram of Figure 3 shows the results obtained with the raw rubbers; 
the diagram on the right shows the data for the compounded, vulcanized rubbers, 
including natural rubber, Buna S and Buna SS. In this case, neither Buna S 
nor Buna 8S was softened by heat treatment. In all three cases, loading with a 
filler and vulcanizing had a favorable effect on the temperature coefficients; 
furthermore, notwithstanding the flattening of the temperature-specific resistance 
curves, the relative values of the temperature coefficients remained unchanged, 
i. e., loading with whiting and subsequent vulcanization did not have any effect 
on the relative values. Again Buna SS had the highest temperature coefficient, fol- 
lowed in order by Buna § and natural rubber. 
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After this comparison, the next step was to test a series of technical mixings, 
containing various fillers and softeners, which had been vulcanized and which, 
in the case of Buna, had been prepared from thermally softened raw material. 
The sample sheets were vulcanized in steam in accordance with the factory process 
of vulcanizing conductors, and weré first tested without drying (see Table II). 

At the same time an attempt was made to find a relation between the insula- 
tion resistances of strip-covered conductors and the specific resistances of sample 
sheets of insulating mixtures out of which the conductors were made. The mix- 
tures selected contained 33 per cent by weight (about 55 per cent by volume) 
of rubber. Talc, precipitated whiting, clay and active zinc oxide were used as 
fillers. In addition to these, the insulation mixtures contained small percentages 
of paraffin, mineral oil and Buna softener No. 32, as softening agents, although 


Tase II 


ELECTRICAL AND MECHANICAL PROPERTIES OF EXPERIMENTAL N.G. A. Conpuctors 


Natural 
Property rubber BunaS_ BunaSS 


Specific resistance of steam-vulcanized sheets (ohms per 

cm. X 10") 20 7 13 
Insulation resistance of the conductor (calculated in meg- 

ohms per km.) 700 1000 
Insulation resistance of the conductor (measured in megohms 

per km.) 400 
Insulation resistance of the conductor (after 12 weeks in air 

at 100° C) 1000 
Tensile strength of the rubber insulation (kg. per sq. cm.)... 52 88 
Elongation at break of the rubber insulation (percentage)... 320 390 
Tensile strength of the rubber insulation (after 1 week in air 

at 100° C) 57 92 
Elongation at break of the rubber insulation (after 1 week in 

air at 100° C) 270 
Tensile strength of the rubber insulation (after 12 weeks in 

air at 100° C) 52 83 
Elongation at break of the rubber insulation (after 12 weeks 

in air at 100° C) 60 140 


Buna S and Buna SS were plasticized chiefly by heat treatment (to 600 degrees 
on the Defo apparatus). The mixtures were vulcanized with sulfur and tetra- 
methylthiuram disulfide as accelerator. They were then run on a strip-covering 
machine onto copper wire of 1.5 sq. mm. cross-section, with a wall thickness of 
rubber insulation of 0.8 mm. In accordance with the specifications of the V. D. E., 
the rubber insulation was composed of two layers of different colors. The dark 
layer contained a small percentage of active carbon black. The insulation re- 
sistance of the conductor was measured by means of 5-meter lengths in water 
at decreasing temperatures, with a 1000-volt direct current. The measurements 
were continued for 6 hours. 

Table II compares the insulation resistances of strip-covered cables made 
from natural rubber, Buna S and Buna SS, and also the specific resistances of 
vulcanized sheets of the mixtures used in making the natural rubber, Buna 8 and 
Buna SS insulations for conductors. Taking into account the wall thickness of 
the insulation of the conductor, the relation between the specific resistance and 
the insulation resistance of this insulation was derived mathematically, and plotted 
as in Figure 4. From this diagram it is possible to obtain the theoretical values 
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of the insulation resistance of the conductor for any measured value of the specific 
resistance of the insulating mixture (it is best to choose the average value of the 
two layers), and to compare these theoretical values with the measured values. 
The theoretical values for the three experimental conductors are recorded in 
Figure 4. The measured values of these conductors are somewhat lower, and 
the straight lines representing these values enclose an area which is shaded in 
Figure 4, and within which fall the values of the majority of the conductors 
which were tested. 

When a longer sample of conductor gave a result which differed considerably 
from the theoretical value, this was conclusive evidence that the mixture had 
been carelessly processed or was a difficult one to process. In conjunction with 
electrical breakdown tests, technical control tests of the uniformity of the proc- 
essing operations proved once more their value in the development of mixtures 
for experimental conductors. 

Figure 5 shows measurements of the temperature coefficients of insulation re- 
sistance of the experimental conductors. In this diagram, the insulation resis- 
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Fic. 5.—Insulation resistance and specifice re- Fic. 6.—Aging of N.G.A. Conductors in Hot Air. 
sistance of the same material as a function of (Mixture: crepe rubber, Buna S or Buna SS 100, 
temperature. sulfur 0.8, tetramethylthiuram disulfide 2.3, light 

magnesia 8, mineral oil 3, titanium dioxide 5, 
zine oxide (active) 20, tale 70, whiting 70.) 


tances of the experimental conductors, and also the measured specific resis- 
tances of the three mixtures from which the conductors were made, are shown 
as functions of the temperature. In this case the vulcanized sheets were dried 
before the measurements were made. The temperature coefficients of the various 
types of rubber in these technical mixtures differ in the same way as do those in 
the experimental mixtures. 

Also of great importance in the practical evaluation of a rubber-insulated 
conductor are the mechanical properties of the insulation, for which the V. D. E. 
specify, for the conductor mentioned above, a tensile strength of insulation of 
50 kg. per sq. cm. and 250 per cent elongation at rupture. As is well known, 
these values can be easily attained with an insulating composition containing 
33 per cent by weight of natural rubber. As may be seen from the experi- 
mental results in Table II, it is possible, as a result of developments in methods 
of thermal softening, also to meet this specification with Buna S mixtures. It is 
still easier to obtain this tensile strength and elongation with Buna SS, because 
this type of Buna gives higher tensile strengths in mixtures containing no carbon 
black than does Buna S under the same conditions. 

In brief, then, it can be asserted that it is possible to meet the specifications of 
the V. D. E. with rubber-insulated conductors containing 33 per cent by weight 
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of Buna S or Buna SS. Buna SS gives particularly good mechanical properties. 
The insulating properties of Buna S and of Buna SS are somewhat poorer than 
those of natural rubber. All these facts apply to new conductors ready for use. 

Final judgment of the quality of an insulating jacket depends, however, on its 
behavior in service. Since this insulation is exposed to heat generated in the 
conductor by the electric current, the aging properties of this insulation in hot 
air are the best criterion of its value in service. Accordingly samples of the 
experimental insulated conductors were aged in hot air at 100° C for 12 weeks. 
These tests showed the great superiority of the Buna insulation over the rubber 
insulation. The superior insulating properties of natural rubber at the beginning 
declined so that at the end of only 2 weeks they were inferior to those of Buna S 
and Buna SS. The deterioration in tensile strength of the natural rubber insula- 
tion progressed so rapidly that at the end of about 5 weeks it had become very 
low, whereas both Buna S and Buna SS had not fallen below the specified value 
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Fig. 7.—Insulation resistance of Fic. 8.—Loss factor as a function of temperature. 
N.G.A, conductors as a function of (1000 volts, 50 cycles.) 
temperature. 


1. Unvuleanized. 

2. Vulcanized in hot air 65 min. at 
188° OC. 

8. Vulcanized in steam 40 min. at 
188° C. 


of 50 kg. per sq. cm. of the V. E. D., even after 12 weeks. The elongations at 
rupture of the natural rubber, Buna S and Buna SS insulation decreased pro- 
gressively with increase in the time of aging in hot air, and here too the two 
Buna rubbers were superior to natural rubber. 

It will be noticed in the right-hand diagram of Figure 5 that thorough drying 
of insulation stocks vulcanized in sheet form in steam increased greatly their 
specific resistances. This is also indicated by the sharp increase in the insulation 
resistance of the experimental conductors during aging in hot air (see Figure 6), 
which in its initial stage represents a rapid drying. 

The next step was, therefore, to vulcanize one of the experimental conductors 
in hot air instead of in steam, and to measure its insulation resistance, both be- 
fore and after vulcanization. The results of these measurements for a 33 per cent 
Buna § conductor insulation are given in Figure 7. It is evident that vulcaniza- 
tion in steam reduces the insulation resistance of the conductor almost to one- 
tenth of its original value, whereas vulcanization in hot air has relatively little 
effect on the insulation resistance. Naturally in this case the freely exposed 
conductor will take up moisture again in the course of time. 
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DIELECTRIC PROPERTIES 


Not only the specific resistance of a raw material for the manufacture of in- 
sulation of cables, but also its dielectric properties—loss angle and dielectric 
constant—are of interest, particularly in connection with low current service.’ It 
is important to know in what way these properties change with increase in tem- 
perature and with increase in frequency of the alternating current. Figure 8 
shows the loss factors as a function of the temperature between 20° and 100° C, 
with a 50-cycle alternating current for the Buna S and Buna SS insulation mix- 
tures, used on the experimental conductors already described. Again the superi- 
ority of Buna SS over Buna § in insulation resistance is evident. Also it can be 
seen that small proportions of active carbon black, in this case 10 per cent by 
weight of CK-3 black, improve the loss angle. This is of importance in a prac- 
tical way because high mechanical strength of the insulation can be had without 
detriment to the dielectric properties. Within this range of temperatures the di- 
electric constant changed only slightly, and was of the order of magnitude of 
4.3 to 4.7. 

Of technical interest in high-frequency problems is the dependence of the loss 
angle and the dielectric constant on the frequency. With Buna § there is a maxi- 
mum value of the loss angle at 1,000,000 cycles. This maximum occurs with raw 
Buna §, and is increased considerably by vulcanization, and therefore is to be 
regarded as due largely to addition of sulfur to the Buna molecule. Curves such as 
those in Figure 9 show characteristic differences for the various types of Buna, 
which may be of potential value in chemical analysis. But to go into this subject 
more extensively at this point would lead too far afield from the present subject. 


CONDUCTIVE BUNA 
Up to this point the various types of Buna have been discussed from the point 


of view of their use as raw materials with high insulating and dielectric proper- 
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ties for cable manufacture. It seemed desirable at this point to make efforts to 
obtain electrically conducting types of rubber. Perbunan in particular as a 
semiconductor seemed to offer possibilities in this respect. 

In high tension technique, for example, rubber mixtures are used today for 
spark plug conductors for screening and as a protection against corona, in order 
to prevent the formation of ozone, which is so harmful to rubber. 
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In general the electric conductivity of rubber mixtures is increased by carbon 
black, and this brings up the question as to what types of carbon black impart 
the greatest conductivity, how great a proportion of carbon black should be 
used to obtain any desired conductivity, and how the various types of rubber 
behave with such additions of carbon black. It was natural first of all to com- 
pare natural rubber, Buna § and Perbunan to obtain an idea of the way in which 
their specific resistances change with increase in the proportion of carbon black. 
Figure 10 shows the specific resistances of natural rubber, Buna S and Perbunan 
as functions of the proportion of the semiactive carbon black A-85. The experi- 
mental mixtures were vulcanized with sulfur and the accelerator Vulkazit AZ, 
but with no other compounding ingredient. 

All three curves in Figure 10 are characterized by three distinct sections. In 
the first zone, the addition of carbon black did not cause any diminution in the 
specific resistance, but rather a slight increase. In the next zone, the specific 
resistance diminished rapidly with increase in the proportion of carbon black, 
until, in the third and last zone, saturation was apparently reached, so that the 
specific resistance approached a final constant value. 

The three types of rubber, natural rubber, Buna §, and Perbunan are dis- 
tinguished particularly by their behavior in the first and second zones. Thus, 
the first zone of natural rubber is the narrowest of all, that of Buna § is broader, 
and that of Perbunan is the broadest. These differences are of practical impor- 
tance in insulation problems because they show that Buna mixtures for insulation 
can carry greater percentages of reénforcing carbon black than can natural rubber 
mixtures without lowering the insulation resistance. All three types of rubber 
tended toward an end value which lay between 10% and 10* ohms per cm. 

Similar experiments were carried out with other carbon blacks, e.g., CK-3, 
Elastic and Anacarbon 40-498 and flaked graphite. The curves obtained were 
of substantially the same character as those for carbon black A-85, shown in 
Figure 10. Furthermore there were no significant differences in the results, which 
depended on whether the measurements were made when the sheets were damp 
or after they had been dried. 

Since relatively high percentages of carbon black A-85 are necessary to lower 
the specific resistance of Perbunan, various types of black were tested to deter- 
mine whether better results might be obtained with other blacks. Figure 11 
shows the influence of increasing percentages of various types of black on the 
specific resistance of a particular type of rubber, viz., Perbunan. In this case 
the mixtures selected contained, in addition to various proportions of carbon 
black, 25 parts by weight of softeners (Aldol Resin, Akkydal and Plastikator 77). 
The general trend of the curves was not altered by the addition of these softeners. 
From a practical point of view, this is important in the successful extrusion of 
conducting Perbunan cable coverings. The comparative results, recorded graphi- 
cally in Figure 11, show that different types of carbon black impart different 
properties to Perbunan. If the problem is, for example, to obtain a conductive 
Perbunan mixture with a specific resistance of 10° ohms per cm., the following 
proportions of the various carbon blacks would be necessary. 

An electrically conducting rubber mixture is of permanent practical value only 
if its conductivity is not destroyed at elevated temperatures or by aging. In 
view of this, the temperature coefficients of conductive mixtures containing 
active carbon black CK-3, as a representative carbon black, were determined. 
The results, recorded in Figure 12, show that, above 50 parts by weight of carbon 
black, the conductivity was practically independent of the temperature. It is 
gratifying to find an electrically resistant material which behaves in this way. 
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Also aging of these carbon black mixtures in air at 100° C had little effect, as 


is evident in Figure 13. 
Since elevated temperatures and aging have, from a practical point of view, 
but little influence on the specific resistance of highly loaded carbon black mix- 
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Fig. 18.—Change in specific resistance Fic. 14.—Residual deformation after application 
with aging in air at 100° C. of a load as a function of temperature. 
(Perbunan with carbon black CK-3.) (Mixture: rubber or Buna 100, sulfur 0.8 to 

1.5, Vulkazit AZ 0.8 to 1.8, zine oxide 5, car- 
bon black CK-8 40.) 


tures, it was decided, as a final experiment, to determine whether mechanical 
stress might have some influence on the specific resistance. This part of the work 
is however not yet completed, and will not be described here. 
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WATER ABSORPTION AND PERMEABILITY TO WATER VAPOR 


A constant danger to the insulation resistance of conductors and cables is 
penetration of moisture. Efforts have therefore been made to develop insulating 
mixtures which absorb as little moisture as possible, and particularily in the 
case of cables with no lead covering, the effort has been to protect the insulating 
layer by a cable covering which allows the least possible amount of moisture to 
pass through it. Permeability to water and absorption of water are, therefore, 
properties which serve as criteria of the behavior of rubber mixtures exposed 
to moisture. 

The permeability to water vapor of a series of organic raw materials has 
been determined by Taylor, Hermann and Kemp' and by Badum?. Using the 
same method of measurement in the present work, the permeabilities of various 
types of rubber in the original untreated state and after being compounded and 
vulcanized were determined and compared. These measurements were made 
on sheets, 1 mm. thick and 70 mm. in diameter, at 20° C in a current of air at 
95% humidity. The results of measurements of four samples were averaged. 
The sheets contained a low percentage of zinc oxide and stearic acid, and were 
vulcanized with sulfur, with Vulkazit AZ as accelerator. 

Mixture used for the measurements recorded in Tables III, IV, and V. 


Rubber or Buna 
Sulfur 

Vulkazit AZ 
Stearic acid 

Zinc oxide (active) 
Carbon black 


Tasie III 


PERMEABILITY TO. WATER OF VARIOUS TYPES OF RUBBER 





cr 








Vulcanized material 
A 
g. of water 10-8 ) 


x P-33 black 
h. + sq. cm. - cm. (mm. Hg) Not com- c A + 
Type of rubber Raw material pounded 25 50 


Natural rubber f 6.2 48 4.7 
Buna S 12.9 99 78 
5.1 4.2 34 

‘ 176 15.1 12.6 

Perbunan-Extra : 136 10.7 9.5 


Table III shows first of all the permeability to water of the different types of 
rubber in the raw, uncompounded state. It is evident that Buna S, Buna SS 
and Perbunan-Extra are less permeable to water than is natural rubber, which 
is superior in this respect only to Perbunan. 

The results were far different when natural rubber was masticated, and also 
when all the different types of rubber were both masticated and vulcanized. 
Under these conditions natural rubber was superior also to Buna § (which had 
not been thermally softened) and to Perbunan-Extra. On the other hand Buna SS 
retained its superiority as the type of rubber with the lowest permeability to 
water. The same order was maintained when the proportion of P-33 carbon black 
was increased, although in all cases the actual permeability to water diminished 
in proportion to the increase in P-33 black. Consequently permeability to water 
can be diminished by loading a rubber mixture with carbon black. 
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In what fundamental way the different types of rubber differ with respect 
to their permeability to vapors and to gases can be seen from the comparative 
data in Table IV. Whereas, for example, Perbunan (vulcanized but not loaded) 
was 2.8 times as permeable to water as was natural rubber, the permeability of 
Perbunan to gas was less than 20 per cent that of natural rubber. 

Furthermore, a comparison of the data in Table V’shows that there was no 
simple relation between permeability to water and water absorption. The swell- 
ing in water was measured as percentage gain in weight by sheets 1 mm. thick 
and with a surface of 100 sq. em. at 20° C after 100 days’ absorption: It is 
evident that Buna S was decidedly superior, and Buna SS slightly superior, to 
natural rubber. 


TasLe IV 


CoMPARISON OF THE PERMEABILITY TO WATER VAPOR AND TO GAS OF VULCANIZED 
But Nor Loapep SHEETS 


Permeability to water vapor Permeability to gas 

g. of water x 10-8 ) ec. of air 

.+8q. cm. + cm, (mm. Hg) h. - sq. cm. + cm. (mm. Hg) 
~ = A 














Type of rubber . r “4 
Natural rubber : 100% 3.4 100% 
Perbunan k 280% 0.6 18% 
Buna § : 210% 53 156% 
Buna SS . 82% sia ve 


TABLE V 


COMPARISON OF THE WATER ABSORPTION AND PERMEABILITY TO WATER OF VULCANIZED 
But Not Loapep SHEETS 


Permeability to water vapor 





Water absorption ( . g. of water x 10+) 


Type of rubber (% by weight) - sq. cm.- cm. (mm. Hg) 


Natural rubber d 6.2 
12.9 


Perbunan 176 
Perbunan-Extra : 13.6 


In the light of these results a survey of the properties of the different types 
of rubber which have a determinant influence on the insulating value of the 
rubbers seems to point to Buna SS as well as to Buna § as being particularly 
suitable for insulating mixtures in cable manufacture. High specific resistance, 
good processing of mixtures containing no carbon black, excellent aging proper- 
ties, and slight sensitivity to moisture justify this opinion of the value of 
Buna SS and Buna S. 


RESISTANCE TO COMPRESSION OF CABLE COVERINGS 


Some work has also been done on the particular mechanical properties of 
different types of Buna which are of importance in the manufacture of cables. 
In this case insulating mixtures were tested. The mechanical properties required 
of mixtures for cable covering are still more exacting, and extend over a wide 
range of temperatures. 

The resistance of cable coverings to compression is of importance both at 
ordinary temperatures and at elevated temperatures. Cable coverings made from 
natural rubber, Buna S and Perbunan were compared in this respect, under 
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the same conditions of mixing, etc. The mixtures chosen contained, in addition 
to small percentages of zinc oxide and stearic acid, 40 per cent of active CK-3 
carbon black, a type of composition which is widely used for extruded cable 
coverings of high mechanical strength. The mixtures were vulcanized with sul- 
fur and Vulkazit AZ. 

The resistance to compression was measured on cylindrical test-specimens 
40x 40 mm., at temperatures from 20° to 120° C. The semipermanent deforma- 
tion (the “residual deformation” of specification E-3510 of the D. V. M.) was 
measured 1 minute after release from a load of 10 kg. per sq.-cm. for 5 days. 
The results are shown in Figure 14, and are expressed as percentages of the 
original height. 

The upper part of the left-hand diagram in Figure 14 shows the deformation 
as a function of time. When the residual deformation was plotted as a function 
of temperature, the curves shown in Figure 14 were obtained. The slopes of 
these curves are an indication of the thermoplasticity of the mixtures. The 
steeper the slope of a curve, the more thermoplastic was the mixture. From this 
point of view, it is evident that natural rubber is decidedly more plastic than 
either Buna S or Perbunan. As a result, the residual deformation of natural 
rubber around 60° C became greater than the residual deformations of Buna S$ 


TasLe VI 
ResipuAL DEFORMATION 


(Percentage) 
Buna 8 
(thermally Natural 
Temperature Perbunan Buna S softened) rubber 


5 7 4 
13 15 19 
20 26 38 


and Perbunan. On the other hand, at ordinary temperature the residual deforma- 
tions of the two Buna rubbers were somewhat higher than the deformation of 
natural rubber, because with such a short time’ between release of the load and 
measurement of the deformation, the lower rates of flow of the two Buna 
rubbers played a noticeable part in the effects. This may be seen from the 
data in Table VI. 

The curves in the right-hand diagram of Figure 14 show the effect of thermal 
softening on the residual deformation of Buna 8. An interesting result and one 
which was to be expected is that the residual deformation was increased some- 
what by preliminary thermal softening, but that the slope of the curve was not 
materially increased. Buna § is not, therefore, rendered essentially more thermo- 
plastic by thermal softening, and even after this latter heat treatment it is 
superior, as before, to natural rubber in this respect. 


RESISTANCE TO COLD 


To express quantitatively the resistance of cable covering mixtures to cold, 
a problem which is becoming of increasing practical importance’, it is better to 
choose the modulus of elasticity rather than the residual deformation, for the 
modulus of elasticity is an indication of brittleness, and this latter property 
may be an important feature of a cable covering at low temperatures. 

Two extruded Perbunan mixtures* were chosen as examples to illustrate this 
point. The two mixtures were of exactly the same composition except for dif- 
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ferent percentages of a softening agent (Plasticizing agent no. 77). For measur- 
ing the compression moduli of these mixtures, cylinders 40x40 mm. were sub- 
jected to a static load of 5 kg. per sq. cm. for 24 hours at different temperatures. 
It is evident from Figure 15 that the mixture containing only 15 per cent by 
weight of softener became rapidly and progressively harder at temperatures 
below —20° C, whereas the mixture containing 75 per cent of softener did not 
become appreciably more brittle even at temperatures as low as —50° C. For 
the coverings of portable cables, which in mines for example are subjected to 
severe wear from abrasion, the relatively high resistance to abrasion of Buna 
cable coverings is obviously an advantageous property. Although practical 
methods for testing cable coverings are still to be developed, they are certain 
to show Buna to as favorable an advantage over natural rubber as they have 
done in test of tires, in which case Buna has shown a 30 per cent superiority over 
natural rubber. 
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Fie. 15.—Elastic modulus as a function of 
temperature. 

(Mixture: Perbunan 100, sulfur 1.5 Vul- 
kazit 1.8, zine oxide 5, resin 2, Plasticizer 
no. 77, 15 and 75, carbon black OK-3 10, 
3-FCHM 20.) 


Development work in the cable industry in the last few years, which has been 
similar in character to the experimental investigation described in the present 
paper, has, by solving many fundamental problems, laid the basis for the suc- 
cessful use of Buna in this industry. 
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EFFECT OF OPERATING CONDITIONS ON 
THE LIFE OF RUBBER BELTS * 


R. J. Pert 


The variation in life of rubber belting has been a major technical problem 
of the rubber industry for many years. Although rubber compounds have been 
greatly improved, both in flexing life and aging properties, the life of belts on 
certain types of drives has not increased accordingly. To determine the cause of 
this variation, a survey was made of the performance records of belts on all 
types of drives. From this survey it was possible to obtain data on those drives 
wherein the belt life fell below the average expectancy. An analysis of this 
information divided these premature failures into two groups, which were desig- 
nated as “external” and “internal”. The former classification includes failures 
due to excessive slip, high temperatures, misalignment and other detrimental 
operating conditions. The latter group includes those failures with no signs of 
external damage, and where failure involves that common condition, internal 
separation of the plies. 

A further examination of the reports on internal failures showed that practically 
all the drives concerned had one or more of the following characteristics: 
small pulley diameters, high belt tension, or high belt speed. The problem then 
resolved into a determination of the relative effect of these conditions on belt life. 

It was decided to evaluate, by laboratory experiment, the effects of these 
variables on the rate of ply separation, and thus to obtain an index as to the 
relative belt life. The variables which were included in the investigation were 
pulley diameter, belt tension, belt thickness and belt speed. These factors were 
studied individually and also in various combinations. 

Two types of machines were used throughout these experiments: first, a 75- 
horsepower dynamometer of conventional type, comprising an electric motor 
on slide rails, with a suitable means of applying tension in the test belt, and a 
pivoted brake loaded drum, water cooled, with adjustable loading device to 
maintain a constant load; secondly, a multiple head machine, each unit consist- 
ing of a driver pulley in a fixed mounting overhead, an idle driven pulley of equal 
diameter, mounted in vertical ways directly below the driven pulley, and means 
to suspend variable weights from the idle pulley to secure desired belt tension. 

The first machine was used for power transmission tests and the second for 
those without load. Both machines were designed to accommodate a wide range 
of pulley diameters, tensions and speeds. All the pulleys had standard crown faces. 

Two lengths of belting were used to provide the test-specimens. Belt A was a 
6-ply belt and tested as such. Belt B was an 8-ply belt, and for tests of less than 
8-ply thickness one or more of the plies were removed as required, starting from 
the pulley side. Thus comparable specimens of 4, 5, 6, 7 and 8 plies were 
obtained without introducing the variable of belt quality. 

The end point of the test was taken as the time when ply separation had 
extended for 5 inches along the length of the belt. The reason for this standard 
5-inch length was the obvious impracticability of inspecting the test belts often 
enough to find the exact moment of initial separation. Permitting the ply sepa- 


* Reprinted from Transactions of the Institution of the Rubber Industry, Vol. 15, No. 1, pages 76-84, 
June 1939. 
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ration to extend to a definite distance along the belt gave an opportunity accu- 
rately to fix the end point of the test. 

The results obtained will first be shown as related to the individual variables 
and later grouped as a whole. 

Pulley Diameter—It was found that the following statement was applicable. 
The hours to separate the plies of the belt varied directly with the pulley di- 
ameter to the 5.35 power. Figures 1 and 2 illustrate the effect of this variable 
in combination with selected tensions. The points located on or adjacent to the 
lines in all the figures are actual test results, each point being the average of 
three individual tests. The actual results obtained are of interest, thus (Figure 1) 
one test on 6-inch pulleys with 9 Ibs. tension per ply-inch gave a flexing life of 
approximately 90 hours, whereas the same tension over 8-inch pulleys gave a 
flexing life of 400 hours. In other words, an increase of 334 per cent in pulley di- 
ameter resulted in a 450 per cent increase in flexing hours. The difference between 
the position of the comparable lines in Figures 1 and 2 may be attributed to a 
difference in belt quality. It should be noted, however, that the shape of both 
sets of curves corresponds to the formula. Figure 3 also shows the effect of 
varying pulley diameters, this time in combination with various plies. Here a 
6-ply belt over 6-inch pulleys gave 60 hours flexing life, compared with 900 hours 
over 10-inch pulleys. 

Tension —It was possible to establish the following relation between hours to 
ply separation and tension. The hours to separate the plies of the belt varied in- 
versely as the tension per ply inch to the 4.12 power. Figure 4 is based on the 
same data as Figure 1, with tension replacing pulley diameter as the ordinate 
axis. A test belt running over 8-inch pulleys gave a 400-hour life at 9 Ibs. ten- 
sion, dropping to 50 hours at 15 lbs. tension. 

Belt Thickness—Here the following statement applied. The hours to separate 
the plies of the belt varied inversely as the thickness to the 6.27 power. Figure 3 
graphically represents this factor. 

Belt Speed—tThe following formula was developed for this variable. The 
hours to separate the plies of the belt varied.inversely as the speed to the 
0.5 power. These data are shown in Figure 5. 

From the individual factors listed above the following general formula may 
be deduced: 


D5.35 
§9.5 6.27 74.12 
where H= Number of hours to obtain a ply separation of 5 inches. 
K=Numerical factor, depending on belt quality, belt length and 
other possible factors not studied in this test. 
D= Pulley diameter in inches. 
S= Belt speed in feet per minute. 
N=Nunmber of plies. 
T = Tension in the belt in lbs. per ply-inch. 





H=K 


As explained previously, two different types of machine were used to make 
the tests from which the above formula was derived. One was a dynamometer, 
and the other simply flexed the belt under tension without load. It was con- 
sidered advisable to determine whether or not the use of two different methods of 
test introduced further variables. Therefore comparable tests were made on 
lengths of belting on the two units. The results of these are shown in Table I. 
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Hours to separate plies of belts. 
Fic. 1.—Result of tests on Belt A, 6 ply, with 1500 ft. per min. belt speed. 
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Hours to separate plies of belts. 
Fie. 2.—Results of tests on Belt B, 6 ply, 1500 ft. per min. belt speed. 
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Fig. 3.—Result of tests on Belt B with tension of 12 Ibs. per ply inch. Belt speed 
1500 ft. per min. 
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Fig. 4.—Result of tests on Belt A, 6 ply with 1500 ft. per min. belt speed. 
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It will be noted that the change from 18-inch to 10-inch pulleys reduced the 
number of hours by approximately the same percentage, whether the belt was 
carrying a load or running idle under tension. The two series of tests were made 
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Fig. 5.—Result of tests on Belt A, 6 ply, showing effect of belt 
speed, all pulleys 8-inch diameter. 





Tasie I 


Running Ratio of results 
under load in load tests to 
Running (dynamom- running-idle 
Description of test idle * eter) tests 


Two 18-in. pulleys 1700 ft. per min., 24 ft. 3794 1400 
belt length. 2393 1156 
2520 1300 
1746 1176 
3196 1220 
Average 2730 46.0 per cent 
Above tests converted to 1500 ft. per min. 
and 18 ft. length. . 
Average 2170 46.0 per cent 
Two 10-in. pulleys 1500 ft. per min. 18 ft. 110 
belt length 110 
102 
100 


Average , 105.5 42.5 per cent 
10-in: tests in per cent of converted 18 in. 
45 


with belts of different lengths, but assuming that the length is a first-power 
function, and making a correction for the slight difference in speed, it will be seen 
that when the belt was running idle the hours were reduced to 4.9 per cent, 
and when carrying a load the hours were reduced to 4.5 per cent. The amount 
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indicated by the formulas is 4.3 per cent. This close relationship is well within 
the limits of experimental error. 

The effect of adding a load to the belt was practically the same on both series 
of tests. The number of hours were reduced to 42.5 per cent in the case of 
10-inch pulleys, and 46 per cent in the case of 18-inch pulleys. These results indi- 
cate that the effect of adding a load to a belt is merely an adjustment of tension, 
and does not change the relationship in the formula as developed from the 
results of the tests without horsepower. For practical use of the formula, it may 
be considered that the relative effect of tensions in two drives is determined by 
using the tight side tension in the formula. 

A study of the complete formula reveals two opposing sets of factors affecting 
belt life: the one, pulley diameter, increasing belt life as the diameter increases; 
the other, speed, belt thickness and tension, reducing the belt life, as they in- 
crease. As the object was to obtain uniform performance, it became clear that 
as one variable in the above formula changed, it would be necessary to adjust 
another to compensate for the change. Specifically, an increase in pulley diameter 
would permit a corresponding increase in any one of the other three variables, 
namely, belt speed, thickness and tension, while maintaining the same life ex- 
pectancy of the belt. Conversely a reduction in pulley diameter must be ac- 
companied by a similar reduction in one of the three opposing factors. If, how- 
ever, such adjustments were not possible, a shorter life would result. 

An elementary formula for power transmission by belting is as follows: 


Belt speed x (tight side tension-slack side tension) 
Horsepower = 33.000 





Provided the difference in tension is constant, there is thus a linear relation 
between horsepower and belt speed. 

There are two variables in this formula common to the previous formula 
developed for flexing life, namely, tension and speed. Correlating these factors in 
the two formulas, it becomes obvious that, as tension or speed is reduced in the 
flexing life formula to compensate for a change in other variables, the horsepower 
rating must be reduced. Similarly, if the flexing life formula permits an increase 
in tension or speed, the horsepower rating may be increased. The horsepower 
ratings, after these adjustments, can no longer be represented as a linear re- 
lationship with the belt speed, but is shown in Figure 6. The shaded portion be- 
tween the maximum ratings and the minimum ratings represents the range of 
horsepower that may be transmitted with various combinations of pulley diameter 
and belt speed. The two major corrections introduced result, first, in a marked 
reduction in horsepower capacity with small pulleys. As explained in the pre- 
ceding paragraph, it is necessary to reduce the tension factor to compensate 
for the reduction in pulley diameter, this in turn being translated to reduced horse- 
power. It should be noted that the horsepower capacity curves drop off sharply 
at higher belt speeds. This adjustment is necessary to allow for the centrifugal 
tension developed in the belt and, although not evident in bearing pressure, ac- 
tually means increased tension in the belt, and therefore shorter flexing life un- 
less adjusted by reduced horsepower capacity with its lower external tension. 

An interesting result of the adjusted capacity ratings is shown in Figure 7. 
Here the relative capacities of 6-ply and 7-ply belts over 12-inch pulleys are 
shown. It will be seen that the 6-ply has a higher horsepower rating than the 
7-ply belt. This difference is shown by the shaded area. This is due exclusively 
to the small pulley diameter involved, wherein the reduction of ply thickness 
compensates for the effect of the smaller pulley diameter. 
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Thus it has been shown that although the manufacturer of rubber belting may 
improve the resistance of the belt to ply separation by several times, as has 
been accomplished in recent years, the user of the belting has it within his 
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Fie. 6.—Revised belt ratings, 6-ply. 








SS 























Horse power per inch of belt width. 











1000 2000 3000 4000 sooo 6000 
Belt speed, ft. per min. 


Fie. 7.—OComparison of revised rat , 6-ply and 7-ply on 12-inch 
diameter pulleys. 


power to increase;or decrease the severity of the belt installation to a large ex- 
tent by his selection of pulley size, tension, number of piles and speed. A radical 
revision of horsepower capacity recommendations is necessary to equalize the 
effect of these variables. 





THE STANDARDIZATION OF 
DUROMETERS * 


Lewis Larrick 


PuysicaL Reswarcn Laporatory, THe B. F. Goopricu Co., AKRoN, Onto. 


The hardness test is one of the most useful and convenient physical tests 
which can be made on vulcanized rubber. It is easily made because the equip- 
ment can be simple, compact and portable. It is particularly useful in that the 
test sample may be a production article which can be put into service, un- 
damaged, after the test. Consequently the test appears in the industry in 
several modifications, and the tester in diverse styles. 

Several more or less readily portable hardness testers are available commer- 
cially. The Shore Instrument and Manufacturing Co. has its line of Durometers, 
types A, B, C, D, etce.; Schopper, through Testing Machines, Inc., has marketed 
a tester similar to the Shore type A; the U. 8. Gauge Co. has an instrument 
of the same type using the case of their pressure gage; the Firestone Pene- 
trometer is another well-known tester of the spring-load type, as is the Adams 
Densimeter. At the present time the Society’s Committee D-11 on Rubber 
Products is studying four portable hardness testers which are based on the 
specifications of the Standard Method of Test for Hardness of Rubber 
(D 314-39)1, three of these being spring-operated instruments, the fourth, a 
dead-load type. In addition to the testers mentioned above, there is the Pusey- 
Jones Plastometer, which is a dead-weight hardness tester rather than a 
plastometer. 

Generally speaking, portable hardness testers are spring-operated. Beyond 
this feature, they have little in common with each other or with either the 
AS.T.M. tester (D 314) or the Pusey-Jones Plastometer (D 531-39 T)?. Figure 1 
gives an indication of the disparity of results obtained with some of these 
instruments. 

The situation is little better when a comparison is made of several Durometers 
made by the same manufacturer, as can be seen in Figure 2, which shows the 
hardness of one sample of rubber, measured by 20 instruments which were in 
use in one factory. If the hardness of this compound were specified as 65+2, 
which is a common tolerance, the sample would have been rejected by eight of 
the Durometers. 

Further indications of the lack of agreement among Durometers may be 
found in the discussions of the Society’s Committée D-11. It is evident that a 
technique of standardization is necessary and that the fundamental principles 
should be known to designers and users. This paper presents a résumé of the 
theoretical laws of penetration of a material such as vulcanized rubber, and their 
application in standardizing Shore Type A Durometers as an example of one 
of the widely used hardness testers. Suggestions are made for an improved 
type of hardness tester. 


* Transcribed from a preprint o * pepe 
Society for Testing Materials, at tient e Olty, N. J., June 24-28 


presented at the ag ge meeting of the American 
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Fic. 3.—The mechanism of a Durometer. 


Fic. 1.—Interconversion of hardness readings. 
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Fic. 2.—Comparison of representative type A Shore Durometers. 


THEORETICAL BASIS 


It has been found* that the penetration of vulcanized rubber by rigid 
spherical indentors follows the laws of classical elasticity for indentations as 
high as 10 per cent of the diameter of the indenting sphere. At 20 per cent the 
measured penetration is not much greater than that predicted by the theory. 
Theory and experiment show that: 

1. If a rigid spherical indentor is pressed into an isotropic elastic material, 
the penetration d is proportional to the two-thirds power of the load L and 
inversely proportional to the cube root of the diameter D of the indentor, the 
proportionality factor containing the elastic moduli. For vulcanized rubber, 
where Poisson’s ratio is 0.5, Young’s modulus # can be determined by the'relation: 


d= (0.86/E?) (L3/D3) 
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2. The normal deflection of the surface of the rubber does not fall off rapidly 
with distance from the indentor, being 4 per cent of the maximum indentation 
at a distance from the indentor ten times the radius of contact a (= VY (dD/2)). 
Therefore the indentor should be placed several times this distance from a free 
edge. 

3. The compressive stress along the axis of penetration has dropped to 1 per 
cent of its initial value in a distance equal to ten times the radius of contact. 
Consequently the thickness of the sample should be this much. 

4. The stress system at the center of contact is one of pure hydrostatic pressure. 

5. The normal compressive stress, p, in the contact area at a distance, 7, from 
the center is: 

DoS ete «cons vc tcancuntenhsesavas » (2) 


where a is the radius of contact area. This is a maximum at the center and 
vanishes at the edge of contact. 

The problem of penetration by a rigid cylinder was worked out early in the 
development of the elasticity theory. If a rigid right cylinder is pressed into a 
plane surface, the indentation is proportional to the first power of the load and 
inversely proportional to the first power of the diameter, the proportionality 
factor containing the elastic moduli. The normal compressive stress on the 
face of the cylinder: 

p=L/2na(a?—r?)3 


becomes infinite at the edge instead of dropping to zero as it does with the 
spherical indentor. 


THE STANDARDIZATION OF SHORE DUROMETERS, TYPE A 


Shore has stated‘ that his specifications are as follows: “This instrument, 
in the absence of other specific demands made upon it with respect to calibra- 
tion of the dial, has been originally provided with a simple metric scale. It has a 
frustum cone impresser pin és inch in diameter, with the flat tip #2 inch. The 
pin begins to yield and the indicator hand departs from zero after a pre- 
pressure of 2 ounces, then proceeding up to 29 ounces, at which point 100 is 
indicated on the dial. The total stroke of the pin is 0.1 inch, so that each 
division on the dial would stand for 0.001 inch of depth travel, which, while 
not regularly shown, would read inversely, that is, the zero for the depth travel 
would be at 100 on the scale, and 100 depth would be at zero of the adopted 
scale”. 

The Durometer is shown in Figure 3. As the indentor 13 is pushed into the 
case, rotating about 8 with respect to the case, the rack 9 turns the pinion 10 
and carries the pointer 5 over the scale (not shown). Consequently the scale 
measures directly only the motion of the pin with respect to the case. This 
motion is resisted by the flexing of spring 7, but the reaction of the spring 
through linkage 4 is not in the direction of motion of the impresser pin. Since 
the radius of the arc of rotation of the lower end of the linkage can be varied 
considerably by moving slide 6, the load-deflection curve of the instrument 
is not necessarily a straight line. The “stress-strain” curve of the upper bearing 3 
is determined by the geometry of spring 1 and by the material of the spring, 
but the region of this curve over which deflections of the pointer take place is 
determined by the length of linkage 4, once the nut 2 has been securely locked. 

As the instrument is pressed against a rubber surface by the knurled thumb- 
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rest at the top, the pressure of application is transferred to the rubber through 
the pin. In order that no lateral forces be applied to the pin, the rest plates 
F, F’ must be parallel to the surface at all times. If the pressure is greater 
than that just necessary to define the plane of reference, the rubber will rise 
in the hole in F, carrying the indentor up with it to a falsely high hardness figure. 

We see there are three adjustments—position of slide 6, length of linkage 4, 
and length of pin 13—which may be made to change the hardness reading of 
a Durometer on a given sample. How does each of these adjustments influence 
the reading and the load-deflection relation? This question was answered by 
manipulation of a single Durometer. The effect of the first two adjustments 
was studied by moving slide 6 to the left and to the right of normal and by 
rotating the collar clockwise and counterclockwise, separately and in combina- 
tion. Nine settings were thus made. These adjustments gave the variations in 
hardnesses on four samples shown in Table I. It can be seen that large changes 


Tasie I 


VARIATION ‘IN Reapines or Type A DuROMETER WITH ADJUSTMENTS OF COLLAR 
AND SLIpE , 


Sample Sample Sample Sample 
Adjustment No. 1 No. 2 No. 8 No. 4 


. Durometer adjusted to normal conditions.... 34 70 97 
. Slide moved 0.02 in. to left of normal 32 68 96 
. Slide moved 0.02 in. to right of normal 36 70 96 
. Slide moved 0.08 in. to right of normal 45 75 97 
. Slide as in 4, collar turned two faces to right.. 28 41 75 96 
. Collar as in 5, slide returned to normal ' 

position 31 69 96 
. Collar as in 6, slide moved 0.02 in. to left 

of normal 5 28 66 95 
. Slide as in 7, collar turned two faces to left... 25 36 71 97 
. Durometer returned approximately to normal 

adjustments 22 34 70 96 


1 
2 
3 
4 
5 
6 
7 
8 
9 


in hardness values of sample No. 1 were produced, but no significant change in 
value for sample No. 4. Because of the coarseness of the screw in the turnbuckle 
linkage and the roughness of the trunion arm, it is difficult to make these ad- 
justments precisely. 

While making these two adjustments the loads at four scale points were 
measured, Figure 4. Since the curves are all of the type: y=mz+b, it can 
be seen that by these two adjustments the load-deflection curve of a Durometer 
may be moved parallel to itself (change in b) or rotated (change in m) or, gen- 
erally, may be given both translation and rotation. Figure 5 shows a non-linear 
load-deflection curve obtained when the slide adjustment was set far towards 
the left, as it has been found in Durometers received for calibration. 

In considering the third adjustment, it should be noted that the length of 
pin protruding can have no effect whatever on the load-deflection curve, though 
it does change the hardness reading obtained with any given sample of rubber. 
If d is the penetration into the rubber (length protruding), in inches, and S 
the corresponding scale reading, it follows, from the geometry of the rack-and- 
pinion mechanism, that, neglecting the small departure from the straight-line 
motion of the pin: 

d=K(S,—S)=mK(L,-—L) 
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K=a constant defined by the geometry of the mechanism; 
S,= the scale reading when the base of the pin is flush with the surface 
of the rest-plate; 
m= the slope of the load-deflection line, and 
L, and L=the corresponding loads. 


If the instrument were of the dead-load type the penetration from the refer- 
ence plane (infinite hardness) would be independent of the length of indentor. 


1000 1000 


© Adj. 4 
e Adj. 2 
4 Adj.6 
a Adj 3 
® Adj.7 
See Table I 


0 0 
0 20 40 60 80 100 0 20 40 60 8 W0 


Instrument Reading Instrument Reading 


Fic. 4.—Typical load-scale reading curves. Fie. 5.—A non-linear load-scale reading curve. 


In this Durometer, ‘owever, the applied load is nearly proportional to the 
movement of the indentor from its position at zero hardness, and the length of 
scale between zero and infinite hardness depends on the protruding length of 
indentor. 

To determine the magnitude of the effect, a particular instrument was ad- 
justed by changing the protruding length of indentor to read, successively, 95.5, 
100, and 105 when pressed against a flat piece of plate glass. The hardness 
values of a series of rubber blocks were observed for each value of S, and the 
penetration calculated by Equation 4, with the results shown in Figure 6. These 
data show that the hardness reading on any sample depends on the length of 
pin, and the variation in hardness readings from this cause is greatest at the 
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upper end of the scale. Therefore, this length must be specified with close 
tolerances. 

The specifications quoted at the beginning of this section are not clear and 
there is no mention of tolerances. It must be inferred that a linear load-deflection 
curve is assumed by the manufacturer so that the two loads given shall uniquely 
determine the relation. That few Durometers in use comply with these simple 
specifications on load is shown by the data in Figure 7. Not one of these five 
instruments complied with the load specifications, all five having lower than 


1000 


0.1 
0.095 
0.030 50 100 
0.085 Scale Reading Scale Reading 
0.080 No.4 
0.075 
0.070 
0.065 
€ 0.060 
€ 0.055 


£ 0.050 Sample No.5 
20.045 No.6 


4 


50 100 


4 0040 
0.035 No.7 Scale Reading 


No& 
0.030 


0.025 Nog 
0020 
0.015 
0.010 
0.005 


0 0 
O 10 20 30 40 50 60 70 80 90 100 110 50 100 


Instrument Reading Scale Reading 


Fic. 6.—The effect of length of indentor Fig. 7.—Load-scale reading curves of 
on hardness readings and penetrations. typical Durometers. 


specified “pre-pressures” and three of the five having lower than normal 100- 
division loads. 

Furthermore, the Durometers met with in use do not conform to specifica- 
tions in the other two respects in which specifications are given, as can be seen 
from Table II. It is true that the variations in length of pin given in the table 
are not large, per se, but, as the data in Figure 6 show, a slight change in length 
may make a large change in hardness value, especially at the upper end of the 
scale. The diameters of base of indentors have been found to vary over a wide 
range, from 3 per cent below, to 11 per cent above, the specified value. Since the 
penetration is theoretically inversely proportional to diameter, there would be a 
wide variation in hardness readings among these five instruments, even when 
all are set to the same loads. 
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As a result of the foregoing study of Durometer action, the following procedure 
for standardization was adopted by the B. F. Goodrich Company, in November, 
1936: 

1. The instrument is put into good mechanical condition, that is, cleaned, 
bearings set properly to minimize friction, pointer adjusted, parallax eliminated, 
and back-lash in the rack and pinion reduced as far as feasible. 

2. The base of the pin is examined under a micrometer microscope. If not 
flat and circular, the pin is either replaced or ground. 

3. The load-deflection curve is adjusted to a straight line; the pre-pressure 
is taken as 57 grams (2 ounces) and the 100 division load as 822 grams (29 
ounces) on a 0.0312+0.003-inch diameter indentor. If the diameter of the base 
is larger, or smaller, than 0.0312 inch, the loads are changed in direct propor- 
tion. A tolerance of not more than 5 grams is permitted on the load at any point. 

4. The length of pin protruding from the rest plate is adjusted until, when 
the Durometer is pressed against a flat plate-glass surface, the pointer covers the 
100-division mark on the scale. 


Tasty II 


OsserveD LENGTHS or PIN AND BAsE DiAMerers oF INDENTORS oF Five Type A 
DUROMETERS 


Deviation Deviation 
. from from 
Length Specification, Diameter, Specification, 
Instrument in. in. per cent 
Specification 0.03125 eter 
No. 0.0347 +11 
0.0341 + 9 


0.0326 +4 
0.0304 3 


* Badly rounded ai ecse. 


5. The final check on adjustments 3 and 4 is made with the back of the case 
closed tightly by means of both screws. — 

6. During readings, the Durometer is held with the rest plates F and F’ 
parallel to the surface of the sample, and pressed slowly against the sample 
with just sufficient force to insure contact. The initial deflection is taken as 
the reading. 

It will be noticed that the departures from manufacturer’s standards are few, 
but that compliance with tolerances is rigorous. 

These standards have been in use at the B. F. Goodrich Company for over 
three years, with approximately 70 Durometers kept under control. Each 
Durometer is returned regularly for routine inspection at least once a year. If, 
for any reason, the reliability of a Durometer becomes questionable, it is im- 
mediately sent in for adjustment. Thus, over a period of several years, data 
have been acquired on the performance of the program. 

The analysis of the first 20 Durometers which were adjusted is illustrative of 
the value of this work. It will be noticed (Table III) that the data are divided 
into two groups. The ten Durometers listed above the dividing rule in the table 
were standardized according to the procedure given above, those below the 
rule in the table were calibrated by comparison with standardized Durometers 
because of the reasons given in the last column. These Durometers could have 
been -standardized if facilities were available for grinding the indentors but 
this was found unnecessary. 
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The hardnesses given in Table III were obtained by the author. Since the 
factor of personal prejudice cannot be completely eliminated by any one person, 
these data do not constitute reliable proof that the standardizing technique 
is successful. Proof which is independent of the personal factor is presented 
in Table IV. These data were compiled by Ivan Gazdik, of this laboratory, by 
collecting readings from six technical men for several compounds tested with 
their own Durometers—which were standardized by the above method. Only 
two of the six have had any instruction in the author’s technique of reading the 
Durometer, and only one knew that any comparison was being made. 


Tas_p IV 
PERSONAL VARIATIONS IN STANDARDIZED DUROMETERS 


Hardness read by observer 
A... 





K F 8 

36 37 to 38 37 to 38 
35 
39 
41 
54 
41 
57 
45 


RISSSLVE o: 


GENERAL PRINCIPLES OF HARDNESS TESTER DESIGN 


Several conclusions can be drawn from this work concerning the design of 


an ideal hardness tester. Obviously the manufacturer must maintain definite and 
close tolerances on every variable (including friction) so that his instruments 
shall be reproducible among themselves; Without such close manufacturing 
tolerances, the tester will be of little value even if it conforms, in theory, 
to the correct principles. 

The readings given by an ideal tester measure a fundamental physical property 
of the sample, either the elastic modulus or a related quantity. A portable tester 
can do this most readily by indicating the force required to produce a specified 
small indent. The non-portable laboratory instrument can be equipped with 
several weights and a range of indentor sizes for the measurement of a wide 
range of hardnesses. 

The ideal indentor itself is spherical (ball tipped) rather than cylindrical or 
“conical”. The flat-faced indentor produces infinite compressive stress at the 
edge of contact (Equation 3), causing abnormal wear at the edge of the in- 
dentor, and making the reading sensitive to surface friction. The spherical 
indentor, on the other hand, receives little wear because the compressive stress 
drops to zero at the edge of contact. Also, the indentation varies with the 
cube root of the sphere diameter, rather than with the first power of the cylinder 
diameter, making the hardness readings with a spherical indentor less sensitive 
to slight variations from the specified diameter. 

The penetration produced by the tester can be any convenient value up to 
10 to 15 per cent of the diameter of the spherical indentor. Since existing hard- 
ness testers employ a wide range of penetrations, up to 300 per cent of the 
diameter of indentor, a sample whose true hardness lies at one end of such a 
scale is being examined at high penetration, but a hardness at the other end of 
the scale is observed under very low indentation. This is one of the reasons 
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why the relation between “Durometer hardness” and “shear modulus” is sub- 
ject to so much controversy in discussions about rubber mountings. 

The sample whose hardness is being measured must be thick enough to elimi- 
nate the effect of the supporting surface, the minimum thickness being about 


10 VdD/2. With testers now available it is possible to reverse the order of 
hardness of two samples as given by different Durometers if the softer sample 
is considerably thinner than the other. 

The ideal hardness tester has within itself means for establishing a reference 
plane of penetration. In the dead-weight instrument the zero plane can be ap- 
proximated very closely by the application of a load which is negligible compared 
to the load under which the penetration is measured. Since the suggested portable 
tester measures force at a fixed penetration, the reference plane is determined 
by a flat annular plate on the bottom of the case, around the indentor. This plate 
must not in any sense be a “pressure foot”. Pressure applied to the rubber 
over an annular ring forces the rubber up into the hole, producing a false 
reference plane. In addition, rubber under compression is harder than normal. 
Consequently, the portable Durometer is pressed against the sample with just 
sufficient force to insure contact between sample surface and reference plane. 

It should be realized that the ideal hardness tester considered here will give 
reproducible readings on a perfectly elastic material. However, if the sample 
shows any elastic after-effect, such as is present in rubber, the actual hardness 
will depend on the rate of application of load, just as it depends on the 
temperature and degree of stretch of the sample. All of these factors must be 
fixed to attain agreement on even empirical “hardness” measurements through- 
out the industry. 
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THE APPLICATION OF LATEX TO HIGH- 
WAY AND FLOOR SURFACING * 


W. G. Wren 


London ApvisoRY COMMITTEE FOR RUBBER RESEARCH (CEYLON AND MALAYA) 


INTRODUCTION 


Investigations on the development of latex mixtures for roadways were carried 
out in Malaya by Hastings during the period 1931 to 1933. Of the different 
mixtures tried, those containing aluminous cement gave the most promising 
results. Considerable progress of a practical character in working out the de- 
tails of a suitable cement-latex mixture was then made, culminating in the laying 
in 1933 of an experimental section of road 4.5 miles from Kuala Lumpur on the 
Kuala Lumpur—Port Swettenham Road, where the traffic is fast and fairly 
heavy. In view of the promising results obtained in these experiments, it was 
agreed that the subject should be studied further in London, and that particular 
attention should be given to obtaining a better understanding of the funda- 
mental principles involved in the preparation of latex mixtures for road and floor 
surfacing. As the economic factors are less exacting for flooring than for high- 
ways, it was decided that the application of latex mixtures to flooring should 
receive prior attention. The main purpose of the investigation has now been 
fulfilled, and this paper presents a summary of the work carried out and the 
results obtained. 

Mixtures of aluminous cement and latex have been in use for some time, 
both for flooring and other purposes; as early as 1923-4 patents were obtained 
for mixing cement with specially treated latex. The theory underlying this 
process is that the cement combines with the water of the latex and becomes 
hydrated, the latex losing its water and coagulating. How far this occurs 
in practice was not established at the outset of the work in London, and at- 
tempts were made to determine the extent of hydration of the cement and to 
examine the microstructure of the mixtures. During the course of this work it 
became apparent that the structure and physical characteristics of the products 
were largely dependent on the materials used in compounding and especially on 
the latex stabilizer. A systematic study of the principles underlying the com- 
pounding of the mixtures was then undertaken, and the relationship between 
compounding and physical properties determined. It thus became necessary to 
develop a series of tests to measure the physical properties, as no suitable meth- 
ods were available. As a result of these experiments, a number of cement- 
latex compositions were developed and the most suitable selected for small scale 
trials. A summary of the work carried out and the conclusions reached are 
given in the following sections. 


(1) MICROSCOPIC INVESTIGATION 


In the microscopic examination of cement-latex mixtures, a study was made 
of the changes occurring when cement is mixed with latex; also, the product ob- 
tained after setting was examined. 


* Reprinted from The Journal of the Rubber Research Institute of Malaya, Vol. 10, Communication 
No. 245, pages 1-15, April 1940. 
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In following the changes which occur when cement:is mixed with latex, it was 
found necessary to employ a very dilute latex (about 2 per cent dry-rubber 
content) and to use finely ground cement to obtain layers sufficiently ‘thin to 
permit of examination by transmitted light. When cement is mixed with 
water, hydration of the cement occurs, and various crystalline products of hy- 
dration and deposits of amorphous material are formed; these may be recognized 
by their crystal habit and by staining reactions. When dilute latex was added to 
cement, the crystal growth was found to be strongly inhibited, but no conclusions 
could be drawn regarding the formation of amorphous deposits, owing to the 
presence of latex particles making observation difficult; however, staining 
reactions indicated the presence of some hydration products. On the other hand, 
in the presence of latex containing alkalies, ¢.g., caustic potash, crystal growth 
was greatly increased, the period required for crystal formation being much less 
than in the case of cement and water alone. Other materials, chiefly stabilizers 
of latex such as saponin, showed the reverse effect, crystal growth being greatly 
retarded. 

In the examination of set cement-latex mixtures, the usual methods of hand- 
sectioning by cutting or grinding were found to be unsuitable, owing to the nature 
of the material; a heavy sledge microtome was useless, as the hard cement grains 
spoiled the razor edge, and grinding the material under liquid air was only 
partially successful owing to curving of the specimen as it thawed out. The 
method eventually used was to vulcanize the material by immersing it in molten 
sulfur (at 135° C for about 20 hours) and then to grind the surface according 
to the practice employed in preparing rock sections. This method is open to the 
objection that a modification of the rubber phase must occur; the distribution 
of the mineral components, however, will probably not be changed. 

The appearance of sections, both by reflected and transmitted light, indicated 
the presence of incompletely hydrated cement grains embedded in a matrix of 
cement hydration products and rubber. With an increasing proportion of rubber 
the proportion of matrix increased. Mixtures containing alkaline materials, 
which were found to accelerate crystal growth, showed a more highly crystal- 
line appearance and also clusters of amorphous material deposited at intervals 
in the matrix. Through the medium of staining reactions and an examination 
through crossed nicols, these clusters were shown to be aluminum hydroxide. 
Both with materials accelerating crystal growth and those retarding it, a fine 
grained structure was observed in the matrix, ‘which was thought to be caused 
by the deposition of colloidal aluminum hydroxide on the latex particles during 
coagulation. 


(2) HYDRATION OF CEMENT IN ALUMINOUS CEMENT-LATEX MIXTURES 


The mircroscopic examination of mixtures of cement and latex showed that 
the extent of the chemical reaction between aluminous cement and water is 
changed by the presence of latex and certain other materials. Experiments 
were carried out therefore to determine the effect of these materials on the com- 
bination of cement with water. 

Specimens containing known proportions of cement, latex and the required 
material (chiefly latex-stabilizing agents) were prepared in small dishes and 
stored in a closed vessel at constant temperature. Determination of the combined 
water was made at intervals by removing a specimen, weighing and drying 
overnight to constant weight, care being taken to prevent oxidation of the 
rubber. Experiments were made with varying proportions of cement to rubber 
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in the presence of such materials as saponin, casein, caustic potash and serum 
solids. It was found that the quantity of water chemically combined and that 
mechanically held depended on the type of stabilizer added. After keeping for 
one month, caustic potash mixtures contained 11 per cent of combined water, 
in addition to 10.7 per cent of water which could be driven off by heating at 
105° C, whereas in a similar mixture containing saponin only 1.5 per cent of 
water was combined and 4 per cent mechanically held. The serum substances 
in latex were found to decrease the rate of combination of cement and water, 
but they did not appear to reduce the amount of water finally combined. 


(3) PRINCIPLES OF COMPOUNDING 


It was apparent, as a result of the work on microstructure and the hydration 
experiments, that considerable differences might be anticipated in the properties 
of cement-latex mixtures prepared with various stabilizers, and a systematic 
examination of the modifications produced by various stabilizers was undertaken. 
As a result of these experiments, it was found that whereas the majority 
of stabilizers such as casein and saponin retarded the setting of the cement, a 
few materials such as caustic potash, gum arabic and triethanolamine accelerated 
it. The cement-latex compositions produced by these two types of stabilizer, 
respectively, were: (1) a soft rubbery material containing a small proportion of 
combined water, and (2) a hard, cementitious product, containing a high 
proportion of combined water. The type of product obtained could thus be 
controlled by the stabilizer used in preparation. 

For practical purposes it is necessary that cement-latex mixtures should remain 
in a stable or “workable” condition for one-half to one hour, and that they should 
set hard within two or three days. Two tests were devised therefore to measure 
these properties, viz., a stability test, which consisted in determining the period 
during which the mixture could be kept without coagulating when rubbed in a 
pestle and mortar for 15 seconds, and a setting test, which consisted in observ- 
ing the period which elapsed before attaining a certain arbitrary degree of 
hardness, measured by the indentation of a standard loaded needle. 

By the aid of these tests it was a simple matter to evaluate the stabilizing ca- 
pacity of a number of substances and to control both the setting time and the 
hardness of the final product by adjusting the proportion of materials retarding 
and accelerating the cement set. The soft rubbery product obtained by re- 
ducing the proportion of the material accelerating the setting of the cement 
showed a tendency to crack, owing to shrinkage caused by evaporation of water. 
This phenomenon had previously been observed by Hastings' and had been 
successfully overcome by incorporating sodium silicofluoride as a delayed 
coagulant; this material, however, has an acid reaction and so inhibits the 
hydration of the cement, resulting in a long drying period, especially under 
conditions of a temperate climate. Attempts were made therefore to discover 
a delayed coagulant which had an alkaline reaction. A combination of calcium 
cyanamide and sodium metasilicate was found to be satisfactory for this purpose, 
the coagulation depending on a slow removal of the stabilizing agent (sodium 
metasilicate) and a subsequent liberation of calcium ions, which also accelerate 
the setting of the cement. 

The relation between the time of the coagulation of the latex and the setting 
of the cement was found to be important in controlling the type of product 
obtained. If the latex remains stable during the setting of the cement the rubber 
particles tend to become surrounded by cement hydration products and do not 





982 RUBBER CHEMISTRY AND TECHNOLOGY 


readily form a continuous phase. On the other hand if the latex coagulates 
before the cement sets, there is a tendency for the cement particles to become 
coated with rubber, and this inhibits further hydration and setting. It is not 
particularly difficult, however, to obtain conditions in which the rubber coagulates 
during the hydration and setting of the cement, so that an intimate mixture 
of cement hydration products and rubber is obtained. 

When laying cement-latex compositions, it is necessary to control the viscosity 
of the mixtures, in some instances a thin cream being desirable and in others 
a stiffish paste. The addition of wood-flour or inert fillers was found to thicken 
the mixtures considerably; flocculation of the latex, by calcium chloride for 
instance, proved also to be a useful method. To reduce the viscosity, sodium 
silicate, caustic potash and most wetting agents, such as saponin and Igepon T, 
were found very efficient. The action of these substances probably. does not 
depend as much on changes in the viscosity of the latex as on changes in the 
cement-water suspension. 

The production of brightly colored aluminous cement-latex mixtures is not an 
easy matter, owing to the dark grey color of the cement, but by using a white 
filler and brightly tinted pigments pleasing colors can be obtained. Care has to 
be used in selecting the colors, as many of them react with strong alkalies such as 
lime and caustic potash; satisfactory results have been obtained with “Fast- 
lime” colors. 

Despite taking all reasonable precautions to standardize the ingredients and 
the conditions of mixing cement-latex compositions, variation in stability, 
setting-time, viscosity and properties of the final product sometimes occurs. 
This was found to be due to variations in both the cement and the latex, neither 
of which can be reproduced exactly from batch to batch. These variations - 
are a hindrance to the commercial development of the products, and experi- 
ments are being carried out to determine the causes. The results obtained with 
many stabilizing agents indicate that the resistance of latex to mechanical 
coagulation falls off considerably on storage, especially in the presence of strong 
alkalies; in one instance the stability was reduced to one-fifth of its value 
after keeping for three days. 

Nearly all cement-latex mixtures contain aggregates added either for cheap- 
ness, decorative purposes or to modify their properties. Most of the materials 
used as aggregates in cement and terrazo work have proved to be suitable for 
this purpose. Such materials as granulated cork, shredded waste rubber, wood 
chips, and asbestos fibre may be added to give pleasing decorative effects and to 
lower the cost, but care must be taken to ensure that the aggregate is clean 
and that it is unlikely to react chemically with other components in the 
mixture. Experiments also showed that it is necessary that the aggregate should 
be graded with regard to particle size in such a manner as to give a fair propor- 
tion of each size of particles ranging from the largest added to that of the 
coarsest cement grains. It was found that grading not only increased the strength 
of mixtures and reduced the proportion of binder required for a given aggregate, 
but also assisted greatly in giving mixtures which were easily trowelled. 

Experiments have been made replacing aluminous cement with Portland 
cement, attention being given chiefly to the white variety known as Snowerete. 
The products obtained by mixing Snowcrete and latex did not possess such 
good physical characteristics as those obtained with aluminous cement; either 
they showed excessive shrinkage or they were hard, and often tended to be 
friable with a rather low tensile strength. The difference in the nature of the 
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products formed from Portland and aluminous cements is probably due to 
the different hydration processes involved in the two processes. With aluminous 
cement it has been shown that colloidal aluminum hydroxide is produced, 
whereas with Portland cement crystalline calcium hydroxide is formed, and it is 
obvious that a more intimate dispersion would be obtained with colloidal 
aluminum hydroxide in latex than with crystalline calcium hydroxide... Experi- 
ments are being made to prevent the formation of lime crystals in the hope of im- 
proving the cement-latex product obtained. An alternative is to provide a third 
substance which will give a good bond between lime and latex particles. 


(4) METHODS OF MIXING 


The thicker mixtures, especially those containing aggregate, are conveniently 
mixed in a Werner-Pfleiderer machine. With mixtures of the consistency of 
thin cream, a simple inverted T-shaped stirrer revolving at a speed sufficient 
to give a good vortex has been found satisfactory. It is of course necessary 
to add the stabilizer first when compounding the latex, otherwise flocculation 
or coagulation of the latex may follow. Generally it has been found convenient 
to mix the stabilizing and vulcanizing ingredients with the latex and the dry 
materials such as pigments and fillers with the cement. Care must be taken 
in selecting stabilizers and accelerators of the cement set so that interaction 
between them does not occur. 


(5) RELATION OF THE COMPOSITION OF MIXTURES TO PHYSICAL 
CHARACTERISTICS 


It has been stated already that latex stabilizers and accelerators of the cement 
set exert a profound effect on the properties of cement-latex mixtures. Marked 
differences are also brought about by varying the proportion of cement to 
rubber, varying the proportion of water and incorporating various filling ma- 
terials. A brief account is given of the effect on the physical characteristics of the 
mixtures of (a) the rubber: cement ratio, (b) the water: cement ratio, (c) vul- 
canizing ingredients, and (d) various fillers and aggregates. 


(a) Errect oF Various Proportions oF CEMENT AND RUBBER 


Experiments have shown that with a higher proportion of cement to rubber 
than 100:20, a hard cementitious product is formed, with little advantage over 
cement alone. The tensile strength of the mixtures was found to increase with 
- increasing proportions of rubber, and the resistance to compression to decrease. 
The coefficient of restitution, a measure of the clasticity, increased with increas- 
ing proportions of rubber. 


(b) Errect oF VARYING THE PRoporTION OF WATER 


Specimens prepared with proportions of water increasing from 15 per cent to 
35 per cent (reckoned on the cement) showed a progressive decrease in tensile 
strength. The observed values for resistance to compression were inclined to be 
irregular, but there appeared to be an optimum proportion of water for each 
mixture. Determinations of the linear contraction on setting showed that in- 
creased proportions of water did not necessarily result in greater shrinkage; the 
greatest shrinkage was in some cases found in mixtures containing the lowest 
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proportions of water. Thus a mixture containing 15 per cent of water showed 
a linear contraction of 4.4 per cent, whereas the same mixture with 25 per cent 
water showed only 1.8 per cent. 


(c) Errect oF AppING VULCANIZING INGREDIENTS 


Experiments undertaken to determine the effect of vulcanizing ingredients 
showed that these had little effect on the mechanical properties of freshly pre- 
pared cement-latex mixtures. Accelerated aging tests and natural aging tests over 
a period of twelve months suggested, however, that with certain mixtures vul- 
canizing ingredients gave better aging properties. 


(d) Errect or Fitters aNp AGGREGATES 


It was found that 35 per cent of the cement in mixtures containing 100 parts 
of cement to 30 parts rubber could be replaced by inert fillers, such as limestone 
dust, without appreciably altering the resistance to compression. The replace- 
ment of this quantity of cement did not alter appreciably the tensile and com- 
pressive strengths of the softer mixtures, but reductions in the strengths of 
the harder types were observed. 

Ungraded aggregates such as marble chippings generally reduced the tensile 
strength of the product; softer aggregates such as granulated cork produced a 
marked decrease in tensile and compressive strengths. The coefficient of restitu- 
tion also was greatly influenced by the type of aggregate used; granulated cork 
and shredded waste rubber gave products of high elasticity, whereas marble and 
granite chippings had the opposite effect. The most satisfactory products 
generally were obtained when the physical characteristics of binder and aggregate ' 
were similar. 


(6) PHYSICAL TESTS 


Having prepared a number of cement-latex compositions, it was necessary 
to devise means whereby their physical characteristics could be compared. A 
series of physical tests were developed therefore which comprised the measure- 
ment of (a) tensile strength, (b) compressive strength, (c) hardness by indenta- 
tion and recovery, (d) coefficient of restitution, (e) water absorption, (f) aging, 
and (g) contraction during setting. Further tests still being developed include 
the measurement of the resistance to impact-abrasion, adhesion, coefficient of 
friction, electrical and thermal conductivities, acoustic properties, fire resistance, 
ease of cleansing and effects of oils, fats, waxes and detergents. The development 
of these tests has necessitated devising in most cases a new test procedure; in the 
case of the compressive strength, tensile strength and coefficient of restitution 
tests new machines specially adapted for the purpose have been designed and 
corstructed. All specimens were aged for at least one month before testing. 


(a) TensiLe STRENGTH 


Tensile test determinations are carried out on a machine built in the laboratory 
workshops. The machine is of the simple-lever type, resembling the Adie cement- 
tester; it is fitted with special grips and an electrically controlled device which 
enables the stretch of the specimen to be taken up. 

Difficulty was experienced with tensile strength determinations, owing to 
irregularities in the breaking load values. This has been overcome largely by 
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adopting a carefully standardized method of preparation of the specimens and 
by using specially shaped test-pieces. For hard mixtures the test-piece is 
moulded in the form of a briquette, as specified by the Argentine Government 
for cement testing; for soft rubbery mixtures a flat dumbbell piece held between 
wedge-action grips is used. Values for the breaking load can now be reproduced 
generally within limits of 15 per cent, provided an average of at least 6 test-pieces 
is taken for each determination. 

As an alternative to the direct determination of tensile strength, transverse 
breaking tests have been attempted. Although they have the advantage of re- 
quiring neither special grips nor elaborate shaped test-pieces, it was found that 
the rubbery specimens could not be broken by this means, as they easily bent and 
pulled through the supports. Transverse testing therefore has been discontinued. 


‘(b) Compression TESTs 


A machine suitable for compression testing also has been built in the workshops. 
This machine has the advantage that an autographic record is obtained showing 
the stress-strain relationship when a small cylindrical specimen 2 inches in diame- 
ter and 1.5 inches in height is subjected to compression. It has been shown that 
two distinct types of stress-strain curve can be obtained with cement-latex mix- 
tures, one resembling that of cement, the other resembling highly compounded 
rubber. A third type combining both these characteristics is thought to represent 
one of the most satisfactory types of mixture. The results obtained are readily 
reproducible. 


(c) HarpNEss 


To determine the resistance to indentation, the specimens are supported in a 
surrounding ring of concrete and the middle of the specimen is subjected to a load 
of 1,000 pounds per square inch for one minute, the load being transmitted to the 
specimen by means of a circular plunger. The indentation under load and the 
permanent deformation are recorded. 


(d) CorrFFicient oF RESTITUTION 


It was found that the apparatus commonly used for measuring the coefficient 
of restitution (the sclerometer) was unsuitable for many cement-latex composi- 
tions, owing to the non-homogeneous nature of the material. Satisfactory tests 
were carried out, however, by using a large pendulum, the bob of which consists 
of a steel sphere 2.25 inches in diameter; this is allowed to fall from a standard 
position and to rebound from the surface of the specimen. The height of re- 
bound is estimated from the time required for the bob to come to rest against 
the specimen, an electrical device indicating this position. 


(e) Water ABsoRPTION 


Water absorption is measured as the percentage increase in weight of a cleaned 
specimen suspended in distilled water for a given time at room temperature. 


(f) AciInc 


Two types of aging test are carried out: (1) accelerated aging, by storing 
the specimens for a number of days at 100° C; (2) natural aging by storing 





986 RUBBER CHEMISTRY AND TECHNOLOGY 
specimens for a period of twelve months, some being exposed to outside atmos- 
pheric conditions, others being stored indoors. Measurements are made of the 


changes in tensile and compressive strengths. 


(g) CoNTRACTION 


An apparatus has been constructed for measuring volume shrinkage of cement- 
latex specimens during setting and hardening. Some determinations have been 
made with this apparatus, but the majority of the results obtained were direct 
measurements of linear contraction taken on tensile test-pieces. 


(7) COMPARISON OF CEMENT-LATEX MIXTURES WITH OTHER 
FLOORING MATERIALS 


A number of cement-latex compositions now commercially available for floor- 
ing have to compete with established flooring materials, and it was considered 
that it would be of interest to compare the properties of these materials, pre- 
pared either commercially or in the London Advisory Committee laboratories, 
with other types of flooring materials such as mastic asphalt, concrete, magnesite, 
deal and oak. All the materials tested were subjected to compression, tensile, 
indentation, coefficient of restitution and water-absorption tests, using identical 
conditions as far as possible. 

It was found that the compressive strength of cement-latex mixtures varied 
ov-r a fairly wide range, certain of the mixtures being more easily crushed 
than deal, others being more difficult to crush than oak, but none had the 
compressive strength of concrete or magnesite. 

Tensile strength determinations showed that cement-latex mixtures have a 
strength similar to mastic asphalt, rather less than that of magnesite or con- 
crete material, and much less than that of wood. Indentation tests indicated an 
exceptionally wide “hardness” range—the results showing values varying from 
those of hard magnesite flooring to those of materials softer than any of the 
nonrubber compounds examined. Recovery after indentation showed that 
cement-latex mixtures are similar to wood, asphalt and magnesite. Measure- 
ments of the coefficient of restitution demonstrated the rubbery nature of ce- 
ment-latex compositions, some of the materials showing a resiliency greater than 
that of any of the other materials tested. Water absorption experiments indi- 
cated that cement-latex mixtures do not absorb so much water as some of the 
other materials examined, for example, wood; on the other hand they are not as 
resistant to water as mastic asphalt, which is of course highly impervious. 
Magnesite absorbed considerably more water than the majority of the cement- 
latex mixtures, which in some cases were superior even to concrete. 

The results of these comparative tests showed that commercial cement-latex 
mixtures possess physical properties similar to those of other flooring materials, 
but they have the important advantage that their resilience can be increased to 
a value exceeding that of any other nonrubber flooring material. The range in 
properties of the mixtures is very wide, and by making small adjustments in 
composition it is possible to obtain material nearly as hard as cement or softer 
than asphalt. The mixtures possess many valuable properties not indicated by 
these experiments; they appear to give an excellent non-skid surface, which when 
wet is retained to a high degree. They have good heat-insulating and sound- 
deadening properties, they are resistant to oil and chemicals and, unlike mag- 
nesite, they do not corrode metals. 
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(8) PRACTICAL TRIALS 


Although laboratory tests give a useful indication of the relative merits of a 
series of mixtures as flooring materials, it is obvious that the only reliable 
method of estimating the value of a given mixture is by means of a service test. 
A number of trials have been carried out therefore by laying the mixtures under 
conditions where heavy traffic is encountered, observations being made on 
(1) the ease and suitability of laying, and (2) the finished appearance and 
wearing properties. 

Two series of mixtures were laid, one incorporating a fairly hard binder, the 
other a soft rubbery binder; in all cases aggregate such as marble chippings, 
granite chippings, sand, asbestos, cork, and shredded waste rubber was added. 
A Werner-Pfleiderer mixer was employed for the preparation of most of the 
mixings, patches of about 20 to 25 pounds of material being mixed and laid by 
trowelling, the most efficient method found being to lay the mixture a little at a 
time and not to spread a whole batch over the floor surface at once. Some of 
the mixtures were finished by hand, the surface being trowelled smooth as when 
laying concrete; others were allowed to harden and the surface then buffed with 
a sanding machine, exposing aggregate in section and thus introducing a terrazo 
effect. 

The following trials have been made: 

(1) Three flights of stone steps receiving a fair amount of traffic were refaced 
with the hard cement-latex mixture containing granite, marble and shredded 
waste rubber as aggregate, respectively. Each flight of steps is wearing satis- 
factorily, one having been laid for two years, the others for about eighteen 
months. 

(2) Various floor surfaces, some of wood and some of stone, have been 
covered with different mixtures; both the rubbery and hard types of mixtures 
appear to be satisfactory after a year’s wear. A surface exposed to all weather 
conditions was divided into two portions. One portion was covered with a ma- 
terial containing vulcanizing ingredients, the other with the same material 
without vulcanizing ingredients; after six months both surfaces appear to 
be equally satisfactory, with no apparent differences. 

(3) A section of the laboratory floor was laid with a rubbery mixture con- 
taining shredded waste rubber. This was not successful, owing to poor adhesion 
at the joints where one batch was finished and the next one started. 

(4) A piggery at the Hertfordshire Farm Institute, St. Albans, was laid in two 
sections with a hard mixture, one containing granite chippings, the other 
~ shredded waste rubber. The piggery was laid about twelve months ago and is 
satisfactory except for a portion where the pigs have rooted out some of the 
waste rubber aggregate. 


(9) APPLICATIONS 


The potentialities of these cement-latex mixtures are now becoming more gen- 
erally recognized commercially. Not only are they being used as flooring ma- 
terials in public buildings, offices and workshops and in shipbuilding, but they 
are also being utilized for water-proofing walls, as linings for tanks which have 
to hold corrosive liquids, as pipe-jointing material, for surfacing tennis courts 
and in the construction of pedestrian crossings. Other possibilities include their 
use for cementing glass to other materials, as an adhesive for mounting tiles, and 
as a resilient covering for rollers used in the spinning of flax and similar 
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materials. These applications have been discussed with the appropriate com- 
mercial organizations. 

A paper read before the Institution of the Rubber Industry? gave in greater 
detail the results of the work outlined in this paper, and a patent® was obtained 
in May 1937 protecting certain methods of compounding these materials. 

During the course of the work a considerable number of enquiries regarding 
cement-latex mixtures have been dealt with, and advice has been given on the 
procedure of preparing and laying the mixtures. Contact has been maintained 
with commercial firms interested in these materials, with the Building Research 
Station, Watford, and with the Highways Department, Imperial College of 
Science and Technology, from whom many helpful suggestions have been 
received during the course of the work. 

Thanks are due to the London Advisory Committee for Rubber Research 
(Ceylon and Malaya) for permission to publish this paper, to G. Martin and to 
W. S. Davey for helpful suggestions and criticisms, and to A. T. Faircloth and 
R. Stacey for assistance in carrying out the practical work. 
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In this old-fashioned mechanical savings bank, a coin 
is first placed in the large monkey’‘s hand. The lever 
at the base of the tree then pressed, causing the 
little monkey to jump on the big one’s shoulders and 
at the same time to give his arm a push. This dis- 
lodges the coin, which drops toward the lion who 
opens his mouth just in time to receive it. The coin 
goes ——— the lion into the base of the tree, which 
is the bank. This is another of the old-time, 19th 
Century banks that are today collectors’ items. 
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* Registered U. S. Patent Office. 
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CARBONEX* 


A black coal-tar hydrocarbon in find that stocks compounded with 
flake form with a high content Carbonex are also tear and abrasion 
(40% minimum) of free carbon in resistant, and show a minimum of 
finely: dispersed form, Carbonex is flex deterioration. Carbonex has 
resistant to the action of acids, been used to reduce ‘‘cold flow” 
alkalis, oils or greases. Users of some plastic compounds. 


CARBONEX*S 


A modification of Carbonex with improved milling qualities. 
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gladly cooperate with you on production prob- 
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AZO ZZZ-55 Zinc Oxide makes white rubber whiter whether com- 
pounded with Zinc Sulfide or Titanium dioxide. The chemistry of 
small amounts of impurities in zinc oxide is important. Dependable 
results are obtained with AZO ZZZ-55, the preferred zinc oxide for 
white rubber compounds, because the trace of lead is all present in 


the relatively inert sulfated form. 


AMERICAN ZINC SALES COMPANY 
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Compiled by D. E. CABLE, Ph.D., Ch.E. 
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This bibliography is the only book of 
its kind available. Its primary object 
is to assemble all references to rubber, 
stripped of abstracts or annotations, but 
giving sufficient immediate information 
and. directions to permit the reader to 
locate the original article (and transla- 
tions and reprints) or alternatively, one 
or more abstracts of those articles. It is, 
in effect, a clearing house for all pub- 
lished information on every branch of 
rubber technology, manufacturing, etc. 





The subject matter is divided into separate appropriate classifications, supple- 
mented by complete author and subject indexes and journal abbreviations. It is 
,thus a simple matter to locate a single article, or all that has appeared on any 
particular subject. 
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The Story of St. Joe Zinc Oxide—Number 7 of a Series 


ELECTRO-THERMIC 
SMELTING 


At the zinc smelter of the St. Joseph 
Lead Company at Josephtown, Pa., the 
furnace charge, consisting of coke and 
sintered ore, is fed into a gas-fired brick- 
lined kiln pre-heater in which the temp- 
erature is carried as high as possible 
without volatization of the zinc. The 
hot charge is fed into the top of the 
furnace shaft onto a rotating distributor 
top. 

The electro-thermic furnaces them- 
selves, are quite large affairs, about as 
high as a four-story building, 37 to 40 
feet overall, with an inside diameter of 
69 inches. They are of the charge resistor 
type. The charge, serving as the-current 
carrying medium, rises to a temperature 
of about 1200° C and becomes incandes- 
cent, forming zinc vapor. 

On leaving the furnace the zinc vapor 
is brought into contact with air under 
carefully controlled conditions, forming 
zinc oxide fumes. These fumes are thea 
conducted to the bag room where the 
zinc oxide is collected. 


VIEW OF ELECTRO-THERMIC FURNACE 


ST. JOSEPH 


LEAD COMPANY 


250 PARK AVENUE 
NEW YORK 
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GET THE MOST FROM YOUR PRODUCT 


SCOTT TESTERS* 


THE STANDARD OF THE WorLpD 


For quality production control and for laboratory re- 
search of Rubber, Textiles, Wire, etc. 


The Scott line now includes the Naugatuck Chemical 
apparatus for performing the much-publicized T-50 
test. 


HENRY L. SCOTT CO. 


PROVIDENCE, R.1., U.S.A. 


* Trade Mark Reg. U. S. Pat. Off. Cable Address; SCOTEST 














To Edit— 
To oversee the preparation of, for publication; direct 


the selection, revision, etc., of material for; conduct, as 


a journal or periodical. 
—Standard Dictionary. 


Proper editing is the secret of success of any publi- 
cation and that is why 


INDIA RUBBER WORLD 


has maintained its prestige as the authority of the in- 
dustry for over a half century. It is the only publica- 
tion in the field edited by graduate engineers of wide 


and practical experience in rubber factories. 


To read INDIA RUBBER WORLD regularly 
gives the rubber technician a thorough knowledge 
of what is happening in the industry here and 
abroad—the new processes, the new materials and 
equipment, the new products. 


Subscription price, U. S., $3.00; Mexico, $3.50; 
all other countries, $4.00 


SAMPLE COPIES FREE ON REQUEST 


INDIA RUBBER WORLD 


420 LEXINGTON AVENUE - NEW YORK, N. Y. 
- Established in 1889. 














RUBBER 
CHEMICALS 


ACCELERATORS 


BEUTENE DI-ESTEREX-N PENTEX FLOUR 
B-J-F HEPTEEN SAFEX 
C-P-B HEPTEEN BASE TRIMENE 
D-B-A MONEX TRIMENE BASE 

DELACA O-X-A-F Z-B-X 

DELAC P PENTEX 

DELAC O 


ANTIOXIDANTS 


ALBASAN B-L-E ee 
AMINOX B-L-E POWDER M-U-F 
BETANOX V-G-B 


SPECIAL PRODUCTS 


LAUREX TONOX A-F-B 
SUNPROOF TONOX D E-S-E-N 
U-T-B 


Naugatuck Chemical 
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| 
ROCKEFELLER CENTER | | NEW YORK, N.Y 
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Reinforcing 


Inerts and Fillers 


Rubber 


Red Iron Oxides 
Green Chromium Oxides 
Green Chromium Hydroxides 


C. K. WILLIAMS & CO. 


EASTON, PENNSYLVANIA 














Yse THIOKOL' 
SYNTHETIC RUBBER 


A 


FOR APPLICATIONS WHERE OIL- 
SOLVENTS, SUNLIGHT AND WEATHER- 
ING ARE IMPORTANT FACTORS. 


Keep up with latest uses by requesting free subscription to Thiokol Facts. 
Address Thiokol Corporation, 780 No. Clinton Avenue, Trenton, N. J. 


*REG. U. S. PAT. OFF. 




















RUBBER 
SUBSTITUTES 


(Vulcanized Vegetable Oils) 
aa 


Manufactured since 1903 by 


THE CARTER BELL MFG. CO. 
SPRINGFIELD NEW JERSEY 











o CEN FORC) ARBONATS 


® CALCIUM © 


CALCENE 


MODULYy 
* Hicn nak RRESISTANCT Love cosr al 











ACCELERATORS ANTIOXIDANTS a 
“A-10" “Flectol B’ 
“A-19" “Flectol H” 
“A-32" “Flectol White” 
“A-77" “Santoflex B” 
“A-100" “Santoflex BX” 
“UREKA” “Santovar A” 
“UREKA BLEND B” 
“UREKA C” SOFTENERS 
“EL SIXTY” “Cycline Oil” 
“SANTOCURE” “Tackol” 
“R-23" 
“Guantal” MISCELLANEOUS 
Diphenylguanidine “Mold Paste” 
“RN-2 Crystals” “A-1" (Thiocarbanilide) 
“R-2 Crystals” “Oxynone” 
“Pipsolene” _ Wetting Agents 
Pip Pip (Piperidine Stabilizers 
Pentamethylene Colors 
Dithiocarbamate) 
“Thivrad” (Tetra methyl Crayons 
thiuram disulfide) Reodorants a 








All orders for Monsanto Rubber Chemicals will receive 
careful attention and prompt shipment. Write for 
further information and samples. MONSANTO CHEMICAL 
COMPANY, Rubber Service Department, Akron, Ohio 
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MONSANTO CHEMIC 











To the 
Rubber Industry! ~ ~ ~ 


This Journal is supported by advertising from 
leading suppliers to the industry. More 
advertising will permit the publication of a 
greater number of important technical papers 
on rubber which will make RUBBER CHEM- 
ISTRY AND TECHNOLOGY even more 
valuable as a convenient reference of ‘‘Rub- 
berana.’’ 


Specify materials from suppliers listed on 
page 24. Urge other suppliers to advertise in 


RUBBER CHEMISTRY AND 
TECHNOLOGY 


Advertising rates and information about avail- 
able locations may be obtained from S. G. 
Byam, Advertising Manager, Rubber Chem- 
istry and Technology, care of Rubber Chemi- 
cals Division, E. I. du Pont de Nemours & Co., 
Ine., Wilmington, Delaware. 











OCTOBER «+ 1940 


In the face of heavily in- 

DUAL CONTRO creased demand,  cus- 

tomers of General Atlas 

Carbon Co. are assured a dependable, constant supply 

from TWO PLANTS IN TWO STATES—Two Gas Fields— 

} Two Railroads—Two Labor Sources. TWO PRODUCTS— 

| GASTEX and PELLETEX—for your convenience, provide 

| the simple, safe way to lower costs by high loadings with- 
| out sacrifice of flexibility. 


GREATER SAFETY with GASTEX 


Tire failure through blow-out resulting from excessive heat 
build-up may be substantially reduced by using GASTEX 
or PELLETEX as a compounding ingredient. Because these 
special process blacks have a lower hysteresis loss and 
higher thermal conductivity than channel black stocks, 
treads compounded with GASTEX or PELLETEX run cooler 
and are less susceptible to blow-out. A compound containing 
combination loadings of GASTEX or PELLETEX and chan- 
nel black gives desirable low heat build-up with satisfac- 
tory tensile and abrasion properties. Comparative tests 
on the Goodrich Flexometer are reported in our Lab- 
oratory Report No. 136 sent on request. 


Send for a free 
FOR YOUR LIBRARY 23%. 

published stiff 
cover book "Properties and Uses of GASTEX and PEL- 
LETEX." And for your convenience this Fall a copy of 
the 1940 GASTEX Football Guide will also be sent to you 
on request, 








GENERAL ATLAS CARBON COMPANY 


SIXTY WALL STREET : 
NEW YORK, N. Y 


Sales Representatives: HERRON & MEYER 


NEW YORK AKRON CHICAGO 
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for WHITENESS 
that Endures 


TITANOX-A (titanium dioxide) great 
tinctorial strength — lowest cost per 


TITANOX-C (titanium calcium pig- unit of color—greatest reinforcement. 


ment) low volume cost for whiteness TITANOX-M (titanium magnesium pig- 
and brightness— superior in reinforc- ment) gives stiffer uncured stocks— 
ing to ordinary fillers. eliminates “mushiness”. 


TITANIUM PIGMENT CORPORATION, Sole Sales acon FDNG 


111 Broadway, New York, N. Y.; 104 South Michigan Avenue, Chicago, Illinois; 
National Lead Company (Pacific Coast Branch) 2240 24th St., San Francisco, Cal. 











RUBBER CHEMISTRY AND TECHNOLOGY 
IS SUPPORTED BY ADVERTISING 
FROM THESE LEADING SUPPLIERS 
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